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In recent years, GaN and its alloys have played a major role in blue, green and
ultraviolet light emitting devices, which are essential components of full-color
displays, high density data storage systems and range of other applications. De-
fects in such materials control basic processes and affect electronic and optical
properties. RBS/channeling, channelling contrast microscopy and ionolumines-
cence techniques were used to study defect formation in sapphire-coherent and
lateral growth of GaN. Thermal stability of GaN is investigated, quantitatively,
over a wide range of temperature 500-1100 oC using RBS/channelling with
depth resolution of 5-20 nm. Structural and optical properties of InGaN, used
as light emitting medium in GaN based light emitting diodes and laser diodes,
are also studied. For this, RBS/channelling, x-ray diffraction spectrometry and
photoluminescence were used.
All the defects found in crystals can ultimately be resolved into lattice trans-
lations and rotations. Monte Carlo simulations were used to study the effects
of lattice translations and rotations on ion channelling, the major technique
used for defect analysis of crystals. The conditions of magnitude and depth of
lattice translations are determined under which channelling and dechannelling
are enhanced. A condition of super-channelling along (110) planar channels in






List of Tables 9
List of Figures 10
1 Introduction 16
1.1 General introduction . . . . . . . . . . . . . . . . . . . . . . . . 16
1.1.1 GaN and lighting technology . . . . . . . . . . . . . . . . 16
1.1.2 Ion channelling . . . . . . . . . . . . . . . . . . . . . . . 18
1.2 Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.4 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2 GaN and related materials 24
2.1 A brief historic review of GaN research . . . . . . . . . . . . . . 24
2.2 Physics of GaN and related compounds . . . . . . . . . . . . . . 26
2.2.1 Crystal structure . . . . . . . . . . . . . . . . . . . . . . 26
2.2.2 Electronic band structure . . . . . . . . . . . . . . . . . 26
2.2.3 Properties of GaN and related materials . . . . . . . . . 26
5
2.3 Growth and device fabrication processes . . . . . . . . . . . . . 27
2.3.1 Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.2 Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3.3 Plasma etching . . . . . . . . . . . . . . . . . . . . . . . 32
2.4 Defects in GaN and related compounds . . . . . . . . . . . . . . 32
3 Experimental facilities and analytical techniques 34
3.1 Experimental facilities . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.1 General layout . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.2 The 3.5 MeV Singletron Accelerator . . . . . . . . . . . . 35
3.1.3 Nuclear Microprobe . . . . . . . . . . . . . . . . . . . . . 36
3.1.4 Goniometer . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.1.5 Scanning system . . . . . . . . . . . . . . . . . . . . . . 38
3.1.6 Data acquisition system . . . . . . . . . . . . . . . . . . 38
3.2 Analytical techniques . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 RBS/channelling . . . . . . . . . . . . . . . . . . . . . . 39
3.2.2 Channelling contrast microscopy . . . . . . . . . . . . . . 40
3.2.3 Ionoluminescence . . . . . . . . . . . . . . . . . . . . . . 42
4 Analysis of defect structures using ion channelling 43
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Ion channelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2.1 Channelling theory . . . . . . . . . . . . . . . . . . . . . 45
4.2.2 Energy loss under channelling conditions . . . . . . . . . 46
4.3 Dechannelling by defects . . . . . . . . . . . . . . . . . . . . . . 47
4.3.1 Point Defects . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3.2 Dislocations . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.3 Stacking Fault . . . . . . . . . . . . . . . . . . . . . . . . 51
4.3.4 Twins . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6
4.4 Depth distribution of defects . . . . . . . . . . . . . . . . . . . . 52
5 Stoichiometric and structural alterations in GaN thin films dur-
ing annealing 55
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3.1 Random RBS measurements . . . . . . . . . . . . . . . . 58
5.3.1.1 Gallium measurements . . . . . . . . . . . . . . 58
5.3.1.2 Nitrogen and oxygen measurements . . . . . . . 60
5.3.2 Channelling measurements . . . . . . . . . . . . . . . . . 64
5.3.3 Decomposition reactions . . . . . . . . . . . . . . . . . . 68
5.4 Interpretation and discussion . . . . . . . . . . . . . . . . . . . . 70
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6 Coalescence of epitaxial laterally overgrown GaN fronts 76
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 80
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7 InGaN alloys 86
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . 88
7.3.1 RBS/channeling Results . . . . . . . . . . . . . . . . . . 88
7.3.2 PL and XRD results . . . . . . . . . . . . . . . . . . . . 88
7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7
8 Planar channelling and lattice disorder 93
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
8.2 Simulation details . . . . . . . . . . . . . . . . . . . . . . . . . . 96
8.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 97
8.3.1 Lattice translations . . . . . . . . . . . . . . . . . . . . . 97
8.3.1.1 Intensity oscillations . . . . . . . . . . . . . . . 97
8.3.1.2 Oscillation wavelength . . . . . . . . . . . . . . 101
8.3.2 Lattice rotations . . . . . . . . . . . . . . . . . . . . . . 105
8.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . 107
9 Channelling movies 108
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.2 Method and discussion . . . . . . . . . . . . . . . . . . . . . . . 108
9.2.1 Planar channelling movies . . . . . . . . . . . . . . . . . 109
9.2.2 Axial channelling movie . . . . . . . . . . . . . . . . . . 111
8
List of Tables
2.1 Important properties of GaN and related materials. Experimen-
tal values are given in brackets. . . . . . . . . . . . . . . . . . . 29
4.1 Important parameters used for discussion regarding depth distri-
bution of defects. . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.1 The areal atomic density (×1015/cm2) of gallium, nitrogen and
oxygen present in as-grown and annealed GaN samples, deter-
mined using 2 MeV proton backscattering spectra fitted with
SIMNRA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.2 Composition of 100 nm surface layer of as-grown and annealed
GaN samples determined using a 2 MeV proton beam backscat-
tering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.1 Peak values of PL measurements on InGaN samples. . . . . . . 89
7.2 Peak values of XRD measurements on InGaN and GaN substrate. 89
9
List of Figures
1.1 Number of papers published in refereed journals on GaN from
1988 to 2004. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.2 Schematic showing planar channels (a), axial channels (b) and
random view (c) of a typical crystalline structure. . . . . . . . . 19
2.1 (a) Clinographic projection of the hexagonal wurtzite (GaN)
structure and (b) schematic representation of GaN arrangement
on sapphire (0001) surface, updated from ref. [6]. . . . . . . . . 27
2.2 Band structure of GaN [27] . . . . . . . . . . . . . . . . . . . . 28
2.3 (a) A terrace-step-kink (TSK) model of growing crystal surface
showing the possible conditions. . . . . . . . . . . . . . . . . . . 28
2.4 Schematic showing principle (a) of two-flow MOCVD [6] and
generally adopted procedure (b). TMG in the figure stands for
trimethyl gallium. . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.5 GaN growth on sapphire after Hiramatsu et al. [105] . . . . . . 31
3.1 Schematic diagram of 3.5 MeV Singletron accelerator and three
beam lines dedicated to different applications. Inset shows the
photograph of the facilities (accelerator in background and beam
lines in foreground. This figure is adopted from ref. [36]. . . . . 35
3.2 Schematic of a nuclear microprobe. The symbol α represent the
divergence half angle of the beam set by collimator into the lenses. 36
10
3.3 Cross sectional view of a quadruple focussing magnetic lens show-
ing magnetic field lines and direction of force on a positively
charged particle passing through it, incorporated from [39]. . . . 37
3.4 Schematic showing concept of Rutherford backscattering spec-
trometry. The backscattering energies Ea and Eb are the same
when ions are backscattered from the same specie atoms at the
same depth and different if atomic species are different or same
atomic species at different depths. . . . . . . . . . . . . . . . . . 39
3.5 Image of 1500 mesh Au grid. A grid is imaged using a focussed
proton beam to ensure that beam spot is of a micron size or less. 41
4.1 A diagram showing the trajectory of a typical planar channelled
ion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 Dechannelling from point defects. . . . . . . . . . . . . . . . . . 48
4.3 A graphical representation of dislocation. . . . . . . . . . . . . . 50
4.4 A schematic of a stacking fault showing additional monolayer
similar to surface layer. . . . . . . . . . . . . . . . . . . . . . . . 51
4.5 A schematic representation of twins. . . . . . . . . . . . . . . . 52
5.1 He ion random backscattering spectra from GaN samples an-
nealed at different temperatures. Annealing experiments were
also carried out at 500, 600, 700, 800 and 900 oC but spectra are
not shown in Fig. 5.1 to avoid overlapping of spectra. The depth
scale corresponds to that of Ga atoms. . . . . . . . . . . . . . . 59
5.2 The measured gallium percentage in the near-surface region
(<750 nm) of annealed GaN samples as determined from the He
ion backscattering measurements in Fig. 5.1. Nitrogen and oxy-
gen contents were determined from backscattering spectra shown
in Fig. 5.4. The lines are drawn to guide the eye. . . . . . . . . 60
11
5.3 Measured percentage of Ga atoms in GaN as a function of depth
as determined from helium backscattering spectra in Fig. 5.1.
Lines are drawn to guide the eye. . . . . . . . . . . . . . . . . . 61
5.4 Proton backscattering spectra from GaN samples annealed at
different temperatures for 60 seconds. The spectrum region be-
tween 1600-1800 keV has been omitted to highlight the variation
of the signal for Ga, O and N. Vertical arrows show the positions
at which signals from a corresponding element Ga, O and N are
expected to appear. Lines are drawn to guide the eye. . . . . . . 62
5.5 Experimental and simulated (SIMNRA [80]) random backscat-
tering proton spectra from as-grown and 1100 oC annealed GaN
sample for 60 seconds. Solid and broken lines show simulated
spectra for as-grown and 1100 oC samples, respectively. . . . . . 62
5.6 Thicknesses of the altered surface layers with decrease in atomic
concentrations of gallium (tGa) and nitrogen (tN), and oxygen
incorporation (tO) for annealed GaN as a function of annealing
temperature. Lines are drawn to guide the eye. . . . . . . . . . 64
5.7 Depth profiles of (a) nitrogen and (b) oxygen backscattering sig-
nal from annealed GaN as determined by fitting the experimen-
tal backscattering data, shown in Fig. 5.4, with the simulation
code SIMNRA. The gap between the backscattering signals at
the edges of broken region in each case is due to the change in
backscattering cross section of penetrating protons from respec-
tive atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.8 Percentage (a) nitrogen decrease and (b) oxygen increase in the
near surface region of GaN as determined from 2 MeV proton
beam random backscattering measurements. Lines are drawn to
guide the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
12
5.9 Channelling backscattering spectra from < 0001 > axially
aligned GaN samples, which were annealed at different tempera-
tures. The horizontal arrow shows the region used for determina-
tion of χmin. Vertical arrows show the positions where backscat-
tering signals from oxygen and nitrogen at the surface appear.
The depth scale corresponds to that of gallium atoms in random
backscattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.10 Minimum channelling yield, χmin, for annealed GaN as a function
of annealing temperature. Line is drawn to guide the eye. . . . . 68
5.11 Percentage of displaced gallium atoms out of total gallium
present, as a function of depth, present in GaN samples annealed
at different temperatures, determined from channelling and ran-
dom measurements. Lines are drawn to guide the eye. . . . . . . 68
5.12 AFM images of as-grown and annealed GaN samples at different
temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.13 Surface roughness determined using AFM and thickness of al-
tered surface layer, tsc determined using RBS of annealed GaN
samples as a function of annealing temperature. . . . . . . . . . 71
5.14 Schematic showing summary of the thermal alterations along
depth into GaN layers during annealing over 500-1100 oC. . . . 74
6.1 Schematic showing different steps of epitaxial lateral overgrowth. 79
6.2 A comparison between (a) perfect and (b) imperfect coalescence
of ELO GaN using Nomarski optical images. The scale bar in
this and following figures shows length of 15 µm. . . . . . . . . 81
6.3 Channelling contrast microscopy maps of (a) perfectly and (b)
imperfectly coalesced ELO GaN using 2 MeV helium ion beam. 82
6.4 Ionoluminescence maps of (a) perfectly and (b) imperfectly coa-
lesced ELO GaN using 1.3 MeV H+2 ions beam. . . . . . . . . . 83
13
6.5 Schematic showing mechanisms of (a) perfect and (b) imperfect
coalescence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.1 Random and channelled RBS spectra of InGaN samples with 6%
indium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.2 Random and channelled RBS spectra of InGaN samples with 9%
indium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.3 (a) PL and (b) XRD measurements of InGaN samples containing
6% (S59) and 9% (S61) indium. . . . . . . . . . . . . . . . . . . 90
7.4 Emission wavelength as a function of In incorporation in InGaN.
GaN and InGaN (6 and 9%) are wavelengths whereas other are
taken from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
8.1 A schematic representation of phase-space coordinates of chan-
nelled protons under planar channelling conditions. Ellipse 1
shows the phase-space ellipse for a low injection angle and ellipse
2 shows the bounding ellipse. The double arrow labelled ’t’ shows
the lattice translation. . . . . . . . . . . . . . . . . . . . . . . . 95
8.2 Schematic diagram of the lattice translation produced by a stack-
ing fault. The fault plane lies on inclined (111) plane, to a depth
of 3 µm beneath the surface. . . . . . . . . . . . . . . . . . . . . 97
8.3 (a) Simulated energy spectrum for 10,000 2 MeV protons trans-
mitted through a 10 µm thick Si crystal in (110) planar align-
ment. (b) Phase-space plot for those protons at the rear crystal
surface which are transmitted with an energy greater than 1840
keV in (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.4 Simulated transmitted proton intensity as a function of lattice
translation depth for different injection angles to Si (110) planes.
The magnitude of lattice translation is 0.64A. . . . . . . . . . . 100
14
8.5 Simulated proton transmission intensity at 0.05o with (110)
planes as a function of lattice translation depth for different mag-
nitude of lattice translations in Si crystal shown in Fig. 8.2. . . 101
8.6 Phase-space plots of protons after traversing (a) 40 nm (black)
and 80 nm (grey) in case of 0.00o, (b) 40 nm (black) and 160 nm
(grey) for 0.05o, (c) 40 nm for 0.15o and (d) 40 nm for 0.20o in
Si along (110) planes. . . . . . . . . . . . . . . . . . . . . . . . . 102
8.7 Trajectories of 100 protons in Si along the (110) planes for a
lattice translation of 0.64 A˚ at a depth of (a) 80 nm at 0.00o, (b)
160 nm at 0.05o, (c) 120 nm at 0.15o and (d) 120 nm at 0.20o. . 103
8.8 Trajectories of protons for a tilt of 0.05o to the Si (110) planes
in (a) a perfect crystal and (b) with translation of 0.64 A˚ at a
depth of 160 nm. In (b), only the best channelled 20 trajectories
are shown for clarity. . . . . . . . . . . . . . . . . . . . . . . . . 103
8.9 (a) Planar oscillation wavelength of 2 MeV protons along the
Si (110) planes above and below the fault plane. (b) change in
wavelength, λb − λ, as a function of injection angle. . . . . . . . 104
8.10 Simulated trajectories of 2 MeV protons along (a) a perfect Si
(110) planes and having lattice (b) translation of 0.64 A˚ at 160
nm with a tilt angle of 0.05o and (c) rotation of 0.05o at 220 nm
and tilt angle of 0.05o. . . . . . . . . . . . . . . . . . . . . . . . 106
9.1 Selected maps from planar channelling movie for incident angle
of 0.00o. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
9.2 Selected maps from planar channelling movie for incident angle
of 0.06o. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110





1.1.1 GaN and lighting technology
The production of light has been extremely important since the earliest times
of human civilization. From the use of fire as a light source to the incandescent
electric lamp (demonstrated by Thomas Edison in 1879), the evolution of light-
ing technology continued in search of efficient light sources. More efficient light
sources, such as the neon lamps and the fluorescent tube, followed in the first
half of the twentieth century [1]. The achievement of high-efficiency electrolumi-
nescence in GaAs in 1962 led to the light emitting diode (LED) technology [2].
Later in the same year, light amplification by stimulated emission in a similar
semiconductor material (GaAs1−xPx) was demonstrated which could be used in
a laser diode (LD). Details about light amplification in a semiconductor and the
development of laser diodes using it are given in references [3, 4]. Red and yel-
low LEDs with light emission efficiencies better than incandescent lamps, using
GaAsP materials, became available in the early 1990s [5]. Blue LEDs fabricated
using SiC had extremely poor efficiency. It has been difficult to fabricate blue
and ultraviolet LEDs with acceptable efficiency. The group II-VI compounds,
16
especially ZnSe, showed early promise of blue and green light emission, but were
abandoned due to the limited lifetime caused by structural defects [1].

















Figure 1.1: Number of papers published in refereed journals on GaN from 1988
to 2004.
The research on GaN and its alloys led to the development of very bright
blue and ultraviolet LEDs and laser diodes (LDs) with efficiencies better than
those of incandescent lamps from Nichia Chemical Corporation in the middle
1990s [6,7]. It was a sudden and surprising success. After this, interest in GaN
research grew rapidly as clear in Fig. 1.1 and interest is being maintained due
to essential position of GaN and its alloys in solid state lighting. The number
of papers shown in this figure includes word ”gallium nitride” (or GaN) in their
abstracts. Data was collected from the Web of Knowledge database [8]. A
variety of publications documenting GaN research and related references are
available [1, 6, 9, 10].
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1.1.2 Ion channelling
Ion channelling is the passage of a particle beam (particles travelling in par-
allel) through open spaces in materials, e.g., crystal planar and axial channels
or possibly nanotubes. Conventionally, this process is studied in single crystals
where a variety of channels, both with similar and very different geometric and
electronic structures, are available. The channelled beam in a crystal travels
on a very specific path with a statistical variation. Ion channelling was discov-
ered by Robinson and Oen [11] in 1963. It was continued and is developing
due to a number of actual and potential uses, especially defect measurement in
crystals. A number of researchers have contributed to its development, which
will be discussed in the chapters 4 and 8. Ion channelling and a related tech-
nique, channelling contrast microscopy (CCM), are used to measure depth and
lateral distribution of defects in crystals. Here, this technique is studied for its
further development and used to study defect formation in GaN during growth
and device fabrication processes. Fig. 1.2 is a schematic showing planar and
axial channels in a typical crystal. Defects in crystals project atoms into these
channels and dechannel channelled ion beam, this process provides information
about presence of defects.
1.2 Aim
The aim of the project was to understand defect formation during growth
of GaN, especially in lateral growth modes, annealing of GaN over a wide
range of temperature (500-1100 oC) and InGaN alloys. The relationship be-
tween structural and optical properties of this material is also investigated.
RBS/Channeling and related techniques such as channelling contrast mi-
croscopy and ionoluminescence (IL) were used for this purpose. The results




Figure 1.2: Schematic showing planar channels (a), axial channels (b) and ran-
dom view (c) of a typical crystalline structure.
(AFM) measurements wherever necessary. Monte Carlo simulations were used
to investigate the ion channelling phenomenon to improve its use in crystal
defect measurement.
1.3 Thesis outline
Chapter 2: This chapter gives a brief review of GaN research history. The
physics of GaN and related compounds is also described discussing its crystal
and electronic band structures. GaN and its alloys (InGaN and AlGaN)
grow as the hexagonal Wurtzite structure with two hexagonal close-packed
sublattices, one for gallium and other for nitrogen atoms. It is important
to distinguish these sublattices as alloying elements and dopants settle in a
specific sublattice. Any crystal growth requires stringent conditions. GaN
based optoelectronic devices require multi-layered thin film structures with
19
different alloying elements and dopants. GaN is usually grown on sapphire
with almost 14 % lattice mismatch. Due to big lattice mismatch, grown
GaN thin films contain a variety of defects, e.g., dislocations, stacking faults,
interstitials and vacancies. This kind of growth in which thin films are grown
on a dissimilar substrate crystal is called hetero-epitaxy. The problems of GaN
hetero-epitaxy including growth principle and procedure are discussed in detail.
Chapter 3: This chapter introduces the experimental facilities and analytical
techniques (RBS/channelling, CCM and IL), which are available at Center for
Ion Beam Applications. The experimental facilities include the High Voltage
Engineering Europa 3.5 MV Singletron accelerator with three beam lines, each
of them dedicated to specific tasks (materials analysis, biomedical analysis and
nanometer and micrometer scale fabrication). In the techniques (RBS/C, CCM
and IL) used, an ion beam of micrometer to millimeter size is used in scanning
or static mode. In static mode, an almost millimeter-sized beam stays at one
location of the sample for an appropriate interval of time and reveals laterally
averaged depth-resolved information about composition, defects and optical
properties. In scanning mode, a micrometer-sized ion beam is scanned over a
selected area on the sample and both lateral and depth-resolved information
about the accessed volume can be extracted. Necessary details about these
techniques are given in this chapter
Chapter 4: This chapter gives a brief description of the mathematical
methods, which may be used for analysis of defect structures using ion
channelling.
Chapter 5: This chapter describes thermal stability of µm-thick GaN films
over a wide range of temperatures from 500 to 1100 oC. It includes thermal
20
alterations in GaN thin films and feasibility of possible physical and chemical
processes at high temperature using RBS/channeling and AFM. RBS was
used to measure the stoichiometry and channelling to determine the lattice
disordering in annealed GaN samples. AFM was used to measure geometric
changes at the surface of these samples. These results are important in
understanding GaN annealing which is an important process in blue and green
light emitting device production. They are also useful in optimizing growth of
this material at high temperatures.
Chapter 6: This chapter describes the lateral growth of GaN, required
for green and blue laser diodes, with special focus on coalescence of laterally
grown wing fronts. Coalescence is a very common process in materials growth
at nm-mm scales. In the lateral growth of a crystal with considerable area and
thickness, it is unavoidable. A coalescence mechanism of laterally grown GaN
fronts is suggested from results of Nomarski, CCM, IL and AFM measurements.
Two types of coalescence are observed, referred to as ”perfect” and ”imperfect”
coalescence. Causes of perfect and imperfect coalescence are investigated.
Analysis of results suggests that perfect and imperfect coalescence are due to
matching and mismatching of lateral wing fronts at the coalescence boundary
and the mismatching is caused due to tilt and unequal width of coalescing wings.
Chapter 7: InGaN layers are used as active medium in green and blue
LEDs and LDs, despite their large defect density. The major fraction of
defects are threading dislocations which originate at the interface between
substrate (sapphire or GaAs) and the supporting GaN layers underneath
InGaN. High light emission efficiency of InGaN is due to the formation of
quantum dot-like structures during its growth. This chapter describes 2 MeV
He ion RBS/channelling, x-ray diffraction spectrometry and photoluminescence
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of InGaN layers.
Chapter 8: Ion channelling can be used to determine structure of defects in
crystals. This chapter describes Monte Carlo simulations of planar channelling
in a crystal containing depth distribution of lattice translation and rotation.
Lattice translations and rotations make up all the defects (simple or complex)
found in crystals. Planar channelling on different lattice translation configura-
tions in a standard crystalline material Si is studied. Conditions of channelling
and dechannelling enhancement due to lattice translation at varying depth are
determined and discussed. Minimum detectable translation fault measurable
using planar channelling with available experimental facilities is determined.
A condition of super-channelling produced due to a single interface rota-
tion is also studied. Results are of multi-disciplinary interest due to their use
in crystal defect characterization and beam adjustments in particle accelerators.
Chapter 9: Planar and axial proton channelling movies are produced which
show variation of phase-space coordinates of planar channelled and space-space
coordinates of axially channelled 2 MeV protons in Si crystal travelling along
specific planar and axial directions. These movies are helpful in visualizing
planar and axial channelling phenomenon in crystals. It may be noted that
motion of planar and axially channelled protons is determined, respectively, by
one and two dimensional crystal potential fields.
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Chapter 2
GaN and related materials
GaN and its alloys (AlGaN and InGaN) provide the possibility of producing ul-
traviolet to red LEDs and LDs using the same set of materials which is attractive
for integration of these devices for full-color displays and other applications. In
this chapter, the history of GaN research, crystal and band structure, growth,
device fabrication processes and the role of defects in GaN-based devices are
reviewed briefly.
2.1 A brief historic review of GaN research
GaN was first synthesized by Johnson et al. [13] in 1928 who reported it as an
exceedingly stable compound. The first report about wurtzite structure of GaN
in 1940 was from Juza and Hahn [14] who described lattice constants as a=3.18
and c=5.16 A˚. They grew GaN by passing ammonia over hot gallium. Many
measurements (reviewed by Strite and Morkoc [15]) on GaN lattice constants
have been made and the most accepted values of a=3.189 A˚ and c=5.185 A˚
were first reported by Maruska and Tietjen [16], who grew GaN on sapphire
using chemical vapour deposition technique in 1969.
Control of the electrical properties of a semiconductor material is essential
for device applications. All the unintentionally doped GaN grown at that time
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was n-type with an electron concentration of ∼ 4 × 1016/cm3 [15], with the
donor believed to be nitrogen vacancies. Later oxygen was suggested as the
donor [17]. Oxygen with six valence electrons on a nitrogen site, which has five
valence electrons, would be a single donor ( [18], p. 1). Pankove demonstrated
blue GaN metal-insulator-semiconductor LED in 1972 [19]. Conducting p-type
GaN was still a hindrance in the proper use of this material. Akasaki and Amano
(1986) [20] grew high quality GaN using AlN buffer layers. They also developed
p-type GaN using low energy electron beam irradiation of Mg-doped GaN in
1988 [21]. Nakamura [6] developed p-type GaN using post-growth annealing.
Nakamuara and Mukai [22] successfully grew InGaN single crystal layers
followed by the fabrication of GaN double heterostructure light emitting diodes
in 1992. Nichia Chemical Industries, Japan, produced commercial GaN blue
and green LEDs in 1995. In 1996, Nichia sold several million blue GaN LEDs
per month. Nakamura demonstrated first continuous wave blue injection laser at
room temperature with a lifetime of 35 hours and 1.5 mW output power [23].
Later in 1997, he fabricated laser diode using epitaxial laterally grown GaN
substrate with extended lifetime of 10000 hours and 2 mW output power [24].
Ultraviolet InGaN/AlGaN LEDs with an external quantum efficiency of 7.5%
and an output power of 5 mW operating at an emission wavelength of 371
nm were fabricated in 1998 [117]. Still, GaN is one of the most investigated
materials due to the lack of understanding of the mechanism of light emission
from InGaN, which is the active media in the above-mentioned devices, with
a high dislocation density. The structure of phase segregation in InGaN and
its role in exciton confinement is also not understood. Ultraviolet LDs using
AlInGaN with an emission wavelength of 365 nm and lifetime of 2000 hours
were fabricated by Masui et al. in 2003 [26]
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2.2 Physics of GaN and related compounds
2.2.1 Crystal structure
GaN and its alloys (InGaN and AlGaN) can grow in wurtzite, zinc-blende and
rock-salt structures, but wurtzite is the thermodynamically stable phase under
normal ambient condition due to its lower ground state energy. This structure
is composed of two hexagonal close-packed (hcp) sublattices which are shifted
with respect to each other by u = 3/8 (u is dimensionless cell internal structure
parameter) and are occupied by one kind of atoms only. Every atom of one
kind is surrounded by four atoms of the other kind which are arranged at the
edges of a tetrahedron as shown in Fig. 2.1(a). Sapphire is the commonly used
substrate for GaN growth. Fig. 2.1(b) shows the interface of GaN and sapphire
lattices.
2.2.2 Electronic band structure
GaN is a direct wide band gap (3.5 eV) material in which maximum of valance
band coincides with the minimum of valence band as shown in Fig. 2.2. The
band structure of wurtzite GaN shown in Fig. 2.2 was calculated by Chen
et al. [27]. In GaN, the valence band degeneracy is lifted by the crystal field
interaction and there are three band gap excitons, commonly labeled A-, B-
and C- exciton [6]. The binding energies of A- and B- excitons (EbA and E
b
B)
are the same whereas that of C-exciton is slightly lower. The values of binding
energies and splitting of A-, B- and C- valence bands are mentioned in Fig. 2.2.
The band gap of wurtzite GaN is higher than that of the zincblende structure.
2.2.3 Properties of GaN and related materials
In this section, structural and electronic properties of GaN and related materials
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Figure 2.1: (a) Clinographic projection of the hexagonal wurtzite (GaN) struc-
ture and (b) schematic representation of GaN arrangement on sapphire (0001)
surface, updated from ref. [6].
InN and sapphire) are compiled in Table 2.1.
2.3 Growth and device fabrication processes
2.3.1 Growth
For a high quality film growth, atoms are required to deposit onto a well-
characterized crystalline substrate under specific growth conditions. These
growth conditions and reasonably slow deposition rates are essential for evo-
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sample B, the I2 line, is due to the recombination of the
excitons bound to neutral donors associated with nitrogen
vacancies. The shoulder at about 3.484 eV in sample B is
due to the free exciton A(n51) recombination. We thus
obtain a value between 8–9 meV for the binding energy of
the neutral-donor-bound exciton. The transition line at 3.459
eV ~the I1 line! observed in sample C is due to the recombi-
nation of the excitons bound to neutral acceptors associated
with Mg impurities. A value of about 25 meV is obtained for
the binding energy of the acceptor-bound exciton.
In order to obtain the detailed band structure parameters
near the G point, we have performed first-principles band
structure calculations for WZ GaN using local density ap-
proximation ~LDA! as implemented by the all-electron, rela-
tivistic, full-potential linearized augmented plane wave
~FLAPW! method.8 Band parameters near the G point are
calculated at the equilibrium lattice constants, which are de-
termined by minimizing the total energy. The calculated re-
sults are listed in Table I. The calculated lattice constant a
and the ratio of c/a are in good agreement with the experi-
mental values9,10 and with other calculations.11,12 The calcu-
lated three energy levels of the top valence bands at the G
point are fitted to the quasicubic model of Hopfield13 to ex-
tract the spin-orbit splitting DSO and crystal-field splitting
DCF . Both values are found to be positive for GaN. We
notice that although DSO is insensitive to the structural pa-
rameters, DCF is very sensitive to the ratio h5c/a and the
internal structural parameter u(dDCF /dh52.02 eV and
dDCF /du5217.0 eV!. To confirm our calculation, we have
also performed a parallel band structure calculation for the
well-understood WZ CdS, which has a band structure similar
to GaN. The obtained DSO555 meV and DCF547 meV for
CdS agree well with experimental values.13,14 The effective
masses of electrons and holes are obtained by calculating the
second derivative of the energy dispersion curves near G.
The energy bands show considerable nonparabolic behavior.
This is especially true for the valence bands, which also
show spin splitting in the direction perpendicular to the c
axis due to the lack of inversion symmetry of WZ structure.
The effective masses of electrons and holes given in Table I
are obtained by averaging over the spin-split states. Since the
LDA calculation underestimates the band gap, our calculated
effective masses are expected to be slightly lower than the
actual values. The calculated electron effective masses for
mei50.17m0 and me'50.19m0 can be compared with the
experimental values of mei'me''0.2m0,7 suggesting the
calculation underestimates these values by about 10–20%.
By using a value of e59.5 for the low-frequency dielec-
tric constant of GaN and our calculated effective masses, the
binding energies of A , B , and C excitons are calculated to
be 20, 20, and 18 meV, respectively, also shown in Table I
and Fig. 2. The calculated A-exciton binding energy agrees
very well with our experimental results. The near coinci-
dence of the three exciton binding energies is due to the fact
that the exciton reduced masses are predominantly deter-
mined by the electron mass because of the heavier hole
masses. This is similar to the case in the WZ CdS in which





, are the same and the binding energy of the C exciton
has a slightly lower value, EC
b50.915 EAb (ECb50.91EAb for
GaN!. Therefore the calculated energy difference between
the A and B valence bands ~DEAB56 meV! should be close
to the energy separation observed between the A- and
B-exciton transition peaks, which is confirmed by our experi-
mental data obtained for sample A shown in Fig. 1
~E
A(n51)2EB(n51)56 meV!. The calculated energy splitting
between the A and C valence bands, DEAC is 43 meV.
FIG. 2. Calculated band structure near the G point of WZ GaN. At k50, the
top of the valence band is split by crystal field and spin orbit coupling into
the A(G9), B(G7), and C(G7) states. The conduction band is shifted up-
wards so that the band gap agrees with experiment. The exciton binding
energies are denoted as EAb , EBb , ECb for the A , B , and C excitons, respec-
tively.












field Spin-orbit DEAB DEAC
Effective mass in m0 Exciton parameters
i ' mr(m0)c Eb(meV)d
me50.17 me50.19 me50.18 0.13 20 A
a53.1699 mhA52.03 mhA50.33 mhA50.60 0.13 20 B
c/a51.6250 0.377 37.5 12 6 43 mhB51.25 mhB50.34 mhB50.52 0.12 18 C
mh
C50.15 mhC51.22 mhC50.61
aInternal parameter u is the nearest-neighbor distance between Ga and N atoms along the c-axis in unit of the lattice constant c .
bDensity of state effective mass is evaluated according to m*5(m im'2 )1/3.
cExciton reduced mass is calculated using mr5@~2/3!~1/mr')1(1/3)(1/mri)]21, where mr'5(1/me'11/mh')21 and mri5(1/mei 11/mhi )21.
dThe low-frequency dielectric constant e59.5 has been used to calculate the exciton binding energies Eb .
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Figure 2.2: Band structure of GaN [27]
lution of the crystalline growth front. Atomistic mechanisms involved during
such growth are d scribed by terrace-step-kink (TSK) model shown in Fig.
2.3 [31].
Figure 2.3: (a) A terrace-step-kink (TSK) model of growing crystal surface
showing the possible conditions.
Crystalline GaN is normally grown on the sapphire substrate using the
metal-organic chemical vapor deposition (MOCVD) method for commercial
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Table 2.1: Important properties of GaN and related materials. Experimental
values are given in brackets.





AlN 3.091a 4.954a 6.2c 0.3815a
(3.111)b (4.978)b (0.382)b
GaN 3.174a 5.169a 3.4d 0.3768a
(3.189)b (5.188)b (0.377)b
InN 3.538a 5.707a 1.9f 0.3792a
(3.544)e (5.718)e ...
[28]a, [29]b, ( [18], p. 431)c, [27]d, [30]e, [1]f
use. In Fig. 2.4, (a) the principle of two-flow MOCVD method and (b) the
basic information about the generally used growth procedure with correspond-
ing specifics are shown schematically. GaN grown without intentional doping is
of n-type due to presence of oxygen impurities and nitrogen vacancies [15,17]. It
has been very hard to grow p-type GaN due to n-type character of undoped GaN
and the passivation of p-type dopant Mg due to formation of Mg-H complexes
formed during growth ( [18], p. 259).
The mechanism of GaN growth on sapphire using AlN buffer layers is shown
pictorially in Fig. 2.5, adopted from Ref. [105]. AlN layers, grown on sapphire
at low temperatures (normally lower than 600 oC), have an amorphous-like
structure and crystalize showing a columnar structure (with a diameter of the
order of 10 nm) after the temperature is raised to GaN growth temperature
(950-1100 oC), shown in Fig. 2.5(panel 1). This is followed by faulted zone
GaN (panel 2) which has similar structure as crystalized AlN buffer layer. The
next stage, shown in panel 3, is characterized by geometric selection of GaN
columnar crystallites. The columns growing along c-axis survive due to their
faster growth rate. The geometrically selected columnar crystals grow into
trapezoid islands (panel 4), which coalesce after subsequent growth (panel 5).
After coalescence, layer by layer growth starts with low defect density, called
the sound zone (panel 6).
29
flow   sub
22 HN +
23 HNHTMG ++
flow   main
  substrate  











   procedure  growth   
  C550 -500 o
thick  20nm~
 layer buffer







  C1100 -950 o
Figure 2.4: Schematic showing principle (a) of two-flow MOCVD [6] and gen-
erally adopted procedure (b). TMG in the figure stands for trimethyl gallium.
2.3.2 Annealing
Rapid thermal annealing (RTA) plays an important role in semiconductor de-
vice fabrication. Main uses of annealing are activation of implanted dopants,
implantation induced damage removal, alloying of ohmic contacts and maxi-
mization of sheet resistance of the implanted regions. RTA systems currently
in use are normally made up of a dozen of tungsten-halogen lamps as a light
source. These systems can achieve temperatures only up to 1100 oC due to the
point-like nature of heat sources and heat losses through larger mass. Molyb-
denum intermetallic composite heaters are expected to achieve much higher
temperatures in air. Details of RTA system specifics and application can be
seen in comprehensive reviews by Pearton et al. [33,34] and references therein.
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also composed of columnar fine crystals. Each
GaN column is probably grown from a GaN
nuclei which has been generated on top of each
columnar fine A1N crystal. Therefore, it is thought
that high-density nucleation of GaN occurs owing
to the high density of the AIN columns, as shown
in fig. 6 (panel 2), compared with the nucleation
density of GaN grown directly on the sapphire
substrate.
As observed in the faulted zone in fig. 3, the
columnar fine GaN crystals increase accordingly
in size during the growth. This suggests that geo-
25KV 50.4KX 198rm 3437 No.173
Fig. 5. SEM image of an AIN buffer layer which is annealed at (1) A N buffer layer
1030 C at ‘3 mm after deposited on sapphire at 600 C ~ ‘~- — — A IN
a —A 203
small amount of defects. In the sound zone, the (2) Nucleat ion of GaN
defect density decreases abruptly for the layer of
GaN thicker than about 300 nm and high quality _____________________
and uniform GaN is obtained. (3) GeometrIc selectionFig. 3 shows a dark field image with a little ,~ ~ ~ ,~ ,~ ~
higher magnification to clarify microstructure in- ~ ~—‘ GaN
side the A1N layer and the zones of the GaN .. ~. ‘‘ a..:.
layer. It is seen that the AIN layer gives an image ‘ .‘ , .
contrast of stripes perpendicular to the interface.
Fig. 4 shows a lattice image of AIN on a-AI,03. ~4) al and growth
The difference in image contrast with location is v ‘1 .r ~
attributed to the small difference in orientation ,
of crystallites. The moire images are due to crys- :..‘~
tal boundaries. The image contrasts in figs. 3 and
4 reveal that the AIN layer is composed of colum- (5) Lateral growth Trapezoid crystal
nar fine crystals like frost columns. The diameter ,/kf~\~/v—s’.~~/_±_\(~
is of the order of 10 nm. Fig. 5 shows that the
surface of an AIN layer annealid at 1030°Chas a
rough morphology of the order of 10 nm, which .‘ “
corresponds to the front of the columnar crystals. (6) Uniform growth DislocattonThe AIN layer has amorphous-like structure at // —______________
the deposition temperature of 600°C[21,but when ~ S d-
the temperature is raised to the growth tempera- .., oun zone
ture of GaN (1030°C), AIN is crystallized by L~~—\7 ,~_‘. Semi—sound—zone
solid phase epitaxy and then it exhibits the ~4’~‘ ~ \~ (~1SOnm)
columnar structure. Th firshe ~coh~n~zar ~ . . ‘.‘ AlN(-~5Onm)
The faulted zone of GaN has an image con -_______
trast similar to that of AIN, as seen in fig. 3, Fig. 6. Schematic diagrams showing the growth process of
which suggests that GaN in the faulted zone is (JaN on the AIN buffer layer as the cross sectional views.Figure 2.5: GaN growth on sapphire after Hiramatsu et al. [105]
Annealing of GaN in air is not recommended as oxygen present in ambient in-
corporates in GaN at high temperatures after decomposition of GaN. Oxygen
is an n-type dopant in GaN. The n-type character of un-doped GaN has been
a great hindrance in the development of p-type GaN. We have measured the
intensity of oxygen incorporation in GaN at high temperatures up to 1100 oC
using RBS and the results are presented in chapter 5.
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2.3.3 Plasma etching
Along with annealing, plasma etching is a another step in the processing of
GaN photonic and electronic devices. It is employed for the formation of laser
facets and stripes in the fabrication of GaN-based laser diodes and patterning of
light emitting diodes [6]. The sputter mechanism during plasma etching yields
anisotropic profiles, but it results in considerable damage, a rough surface and
non-stoichiometric surfaces, which degrade the performance of the resulting
device. The use of high density plasma etching systems including electron-
cyclotron resonance (ECR), inductively coupled plasma (ICP) and magnetron
reactive ion etching (MRIE), has improved etch characteristics for GaN and
other III-nitrides as compared to ICP and RIE. By optimizing energy, density
and chemical activity of plasma, an acceptable etching rate with lower damage
can be achieved [34].
2.4 Defects in GaN and related compounds
New semiconductors are sources of poorly understood defects with a variety of
structural, electrical and optical properties. Understanding the properties of
defects will enable removing and even making good use of them [74]. Disloca-
tions are the leading defects which deteriorate electrical and optical properties
of semiconductors. During GaN growth on sapphire substrate, dislocations are
generated due to the large lattice mismatch. Dislocation formation can be ex-
plained by considering the deformation of crystals. During a slight deformation
of crystal, some atoms move more or before others. The dislocation separates
differently slipped parts of the crystal. Burger’s vector represents the amount
and direction of slip. Slip of one part of a crystal with respect to other normally
occurs along the direction of closest packing within the most closely packed
crystal planes. The role of dislocations and other structural features (especially
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phase instability of active layers) in GaN-based devices is not well-understood.
In UV/blue/green/amber LEDs, InGaN is used as active layer. The InGaN
(light emitting medium) phase segregation produces nm-scale exciton localiza-
tion which enhances the light emission efficiency in light emitting devices and
makes them insensitive to high density (108-1010 cm−2) of threading disloca-
tions. The charge carrier localization length scale is believed to be finer than
dislocation spacing despite the higher dislocation density, which minimizes trap-
ping of charge carriers at defect sites. In case of GaAs with the same disloca-
tion density, no optoelectronic device can be fabricated [7, 35] due to trapping
of charge carriers at dislocation sites. In LDs, a high dislocation density limits
their lifetime due to high threshold current density, which deposits large amount







The Center for Ion Beam Applications (CIBA) is a state of the art research unit
equipped with a 3.5 MeV Singletron accelerator and nuclear microprobe with a
coupled triplet quadrupole focussing system. Fig. 3.1 shows a schematic view
of the accelerator with photograph of the facilities as an inset. This figure is
adopted from ref. [36], which gives a comprehensive description of the facilities.
One of three beam lines (Fig. 3.1), shown at 45o, is used for broad beam
RBS/channeling whereas the other two at 10o and 30o are microbeam facilities.
The 30o beam line is used for analysis of biomedical samples and advanced
semiconductor materials whereas the the 10o beam line is mainly dedicated to
nanomachining. Details about specifications of these beam lines are given by
Watt et al [36] and references therein.
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using nuclear microscopy/ion beam analysis (IBA),
to the manufacture of devices and structures in the
ﬁelds of microﬂuidics, microphotonics, microengi-
neering and tissue engineering using proton beam
micromachining (PBM)/ion beam modiﬁcation.
The complete facility is shown in Fig. 1. In the
photo inset, the Singletron accelerator is shown in
the background (top right) and in the foreground
is the PBM line (nearest), the nuclear microscope
(middle) and the broad beam IBA/channeling fa-
cility (farthest). In this paper we describe the latest
resolution performances of the two microbeam
lines, the nuclear microscope facility and the PBM
facility, which are situated at 30 and 10 with
respect to the switcher magnet (see Fig. 1).
2. Resolution standards
An ongoing problem in measuring spot sizes for
nuclear microprobes is the lack of good quality
commercial resolution standards, both for the high
current (50–100 pA) analysis mode (e.g. PIXE,
RBS) and the low current (<1 pA) imaging mode
(e.g. STIM, IBIC, IBIL). In general the commonly
used electroformed 2000 lines per inch mesh
standard (12.7 lm repeat distance) is not suitable
for measuring spot sizes below 1 lm because of the
lack of edge deﬁnition and surface roughness (see
Fig. 2(a)).
For high current (P50 pA) applications, a
commercially available e-beam test chip [3], was
Fig. 1. Schematic diagram of the beam line facilities of the Research Centre for Nuclear Microscopy. (Inset photograph shows the
Singletron accelerator in the background and in the foreground is the PBM facility (10 beam line), the nuclear microscope (30 beam
line) and the broad beam IBA/channeling facility (45 beam line).)
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Figure 3.1: Schematic diagram of 3.5 MeV Singletron accelerator and three
beam lines dedicated to different applications. Inset shows the photograph of
the facilities (accelerator in background and beam line in foreground. This
figure is adopted from ref. [36].
3.1.2 The 3.5 MeV Singletron Accelerator
The NUS 3.5 MeV Singletron accelerator is a research accelerator for Rutherford
back cattering spectr metry, pa ticle indu ed x-ray emission, nuclear reaction
analysis, microbeam applications and other analytical techniques. It is single
ended accelerator placed in a pressure vessel containing sulphur hexafluoride
insulating gas. After acceleration, the ion beam passes through an analyzer
magnet, which bends the beam through 90o. It is used to choose a very specific
energy of the ions from the exit of the accelerator. Then the beam passes
through a switching magnet which switches the beam into any of three beam
lines which share the same accelerator in our laboratory. The most desirable
features of an accelerator for nuclear microprobe operation is that it should
provide a stable beam with an energy spread of less than 100 eV per MeV of
beam energy and the beam brightness as high as possible [37]. The accelerator
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at our laboratory is specifically designed for a microprobe operation and fulfils
the above-mentioned criterion [36]. The beam divergence in the RBS/C in broad
beam mode setup is controlled by the setting of the collimator slits. For our
broad beam measurements, beam divergence was much less than the channelling
critical angle of GaN. In CCM measurements, special care has to be taken to
ensure that this is the case because of the large demagnifications in the system.
3.1.3 Nuclear Microprobe
A nuclear microprobe is the end stage of a beamline attached to an accelerator.
The main components of a nuclear microprobe are an object aperture, a beam
line, a microprobe-forming lens system, a target sample chamber and detectors,
a scanning system and a data acquisition system. Fig. 3.2 shows a schematic of
a nuclear microprobe system. The distances of object and target sample from
the probe-forming lens system are called object distance and image distance,
respectively. For a large demagnification, the object distance is kept reasonably
long and image distance as small as possible. Details about nuclear microprobe








Figure 3.2: Schematic of a nuclear microprobe. The symbol α represent the
divergence half angle of the beam set by collimator into the lenses.
The probe-forming lens system at NUS nuclear microprobe consists of Ox-
ford triplet quadrupole lenses. A quadrupole lens consists of four magnetic poles
arranged in a plane perpendicular to the beam axis as shown in Fig. 3.3. The
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magnetic field and force on a positively charged particle is also shown, which
shows that focussing of the beam occurs along one direction and de-focussing
along the perpendicular direction in the same plane. So, at least a quadruple
doublet is required to focuss beam along two directions to a spot. For chan-
nelling measurements using microprobe, the beam divergence angle of the setup





Figure 3.3: Cross sectional view of a quadruple focussing magnetic lens showing
magnetic field lines and direction of force on a positively charged particle passing
through it, incorporated from [39].
3.1.4 Goniometer
For broad beam channelling and channelling contrast microscopy experiments,
the sample needs to be tilted to align a particular set of axes or planes with the
beam axis. For these experiments, an eucentric goniometer was used, which has
two translational and two rotational degrees of freedom and is located in 30o
beam line which was used for both broad beam and CCM measurements. The
translation precision is 5µm over 25.4 mm along both translational directions
and rotational precision of 0.02o an angular range of ±15o along one rotational
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direction and ±20o degrees along the other. The eucentric goniometer can tilt
sample without introducing translation.
3.1.5 Scanning system
During various experiments like CCM, a focussed probe is scanned over a re-
gion of interest on the target sample. This can be achieved with both electro-
static and magnetic systems [40], but for general purposes the focussed beam
is scanned using magnetic scanning system. The magnetic scan coils, mounted
outside the vacuum system, are furnished with several tappings to produce scan
sizes over a range of scales.
3.1.6 Data acquisition system
The data acquisition system collects signals from one or more detectors and
records it with the spatial coordinates of the probe. The data acquisition system
used is the PC-based Oxford Microbeams Data Acquisition (OMDAQ) System.
The computer interface units has 8 ADC inputs. List mode collection is possible
in which each event is digitized and recorded as an energy signal with two spatial
coordinates of the probe. The list mode collection provides the possibility of
comprehensive off-line analysis due to the separation of each event in a record.
3.2 Analytical techniques
The major experimental techniques used are RBS/channelling, channelling con-
trast microscopy and ionoluminescence. These techniques are available at CIBA
and are described here briefly.
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3.2.1 RBS/channelling
The backscattering spectrometry is based on the discoveries of Rutherford and
of Geiger and Marsden about structure of atom in the early last century (1913).
Later in the early 1930s, particle accelerators were developed in 1-3 MeV energy
range to probe structure of the nucleus. Despite the awareness of analytical
power of RBS, the technique was not developed due to instrumental limitations.
With the development of solid state detectors with good energy resolution and
linearity over a wide range of energy and the improvement in electronics for data
processing in 1960s provided this technique acceptance [41]. Ion channelling in
crystals was also discovered at the same time in 1963 [42] and became an integral
part of Rutherford backscattering spectrometry at the initial stage. The concept
of Rutherford backscattering spectrometry is shown schematically in Fig. 3.4.
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Figure 3.4: Schematic showing concept of Rutherford backscattering spectrome-
try. The backscattering energies Ea and Eb are the same when ions are backscat-
tered from the same specie atoms at the same depth and different if atomic
species are different or same atomic species at different depths.
Ion channelling is a technique in which ions travel in crystals with their
trajectories aligned along crystal planes or axes and backscatter after their
encounter with defects. Channelling theory and its potential for defect mea-
surement and analysis is discussed in some depth in the next chapter. Here,
only experimental aspects will be discussed. Ion channelling measurements
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are possible both in transmission and backscattering geometries. Channelling
measurements were performed in backscattering geometry. The additional in-
strumental requirement in channelling experiments compared with RBS is the
goniometer, which is used to align crystal symmetry directions with the incident
beam. The goniometer used in our experiments is discussed in the previous sec-
tion. In broad beam channelling setup, the beam divergence is determined by
the settings of the collimator slits, typically 300 × 300µm2, resulting in beam
divergence of 0.003o along both axes.
3.2.2 Channelling contrast microscopy
Channelling contrast microscopy was developed by McCallum et al. in 1983 for
imaging crystalline structures [43]. In this technique, a micron-sized focused
ion beam is scanned over an area of interest on the crystal surface with a
specific channelling direction aligned with the beam axis. A laterally-resolved
map of the channelling yield is produced, which gives the information about
lateral distribution of defects in the scanned area. Dechannelling produced by
defects increases the backscattering yield at the location of defects. So, the
backscattering intensity in a CCM map corresponds to the number of atoms
displaced from their lattice sites. Depth resolved CCM maps are produced by
selecting energy windows on a backscattering spectrum. The ion beam and
energy used depends on the target sample, depth resolution and depth of the
defect structures to be investigated. Typically 1-3 MeV protons or helium ions
are used for CCM measurements.
For CCM measurements, a micron-sized stable and bright ion beam is re-
quired. Before starting CCM measurements, the beam is focussed down to
1µm or less and a grid with a micron scale mesh size is imaged (Fig 3.5) using
the focussed beam to ensure the required level of focussing. Beam intensity
variations on the scan time scale introduce noise in CCM maps. To obtain a
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micron-sized beam on the target sample, the opening size of the object slits is
determined by the demagnification factor of the focussing lens system along x
and y directions. The necessary settings of the object (50 × 150µm2) and the
collimator (200 × 200µm2) slits decrease the beam intensity from many µA to
a few hundred pA. The vertical and horizontal beam divergence angles were
0.1o and 0.3o, respectively, which are on the order of magnitude but are smaller
than the GaN channelling critical angle of 0.8o.
Figure 3.5: Image of 1500 mesh Au grid. A grid is imaged using a focussed
proton beam to ensure that beam spot is of a micron size or less.
CCM is a non destructive technique used to measure defects in crystals, but
it introduces further damage or defects as the highly energetic beam penetrates
the material under an aligned condition and ions come out after backscattering
inside the material at different depths. CCM measurements degrade optical and
photon properties of materials very quickly depending upon beam flux. In case
of GaN, studied in this project, light emitting properties are deteriorated very
quickly due to broken bonds of GaN and formation of interstitials and vacancies.
Due to this reason, measurement of light emitting properties (ionoluminescence
and cathodoluminescence) were performed before CCM.
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3.2.3 Ionoluminescence
When an energetic ion beam penetrates a material (say a crystal), it deposits en-
ergy in a number of ways including atomic and molecular excitations, ionization
and e-h pairs formation. These processes may lead to light production depend-
ing upon the target material. The light produced carries information about
these processes, which are linked with the atomic/molecular species present in
the target and the amount of defects in the target. This technique was devel-
oped in the last quarter of the last century. The initial development and its
advantages over conventional techniques like Cathodoluminescence and Pho-
toluminescence are discussed in the thesis on this subject [44, 45]. Here, this
technique was used to study effects of defect formation on light emitting prop-
erties of GaN, a semiconductor crystalline material.
In a semiconductor material, electron-hole pair formation by irradiation is
difficult to understand due to intermediate steps, which are not well-defined
yet. For a high energy ion, the situation is further complicated by the rapid
accumulation of the damage, which affects light emission severely and therefore
the IL spectrum changes with ion dose. So, in IL, it is important to control
beam flux in order to collect accurate information about the bandgap and effects
of defects, both those originally present in the target sample and those induced
by the beam, on light emission.
The IL technique combined with focussed beam scanning system can be
used to generate the IL maps, which contain both lateral and very limited depth
resolved information about a material’s light emitting properties. Limited depth
resolution can only be achieved by the use of different beam energies, because
the average emission depth is then changed. IL mapping was used to study
optical properties of laterally grown GaN. Results are presented in Chapter 6.
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Chapter 4
Analysis of defect structures
using ion channelling
4.1 Introduction
The atomic arrangement in crystals determines their properties. Carbon in
the hexagonal structure, graphite, shows very different properties than that of
the cubic structure, diamond. All real crystals have defects, which are local
alterations of atomic arrangement at the location of a defect. Defects have
simple and/or complicated structures which, in principle, can be resolved into
simple lattice operations like atomic translations and rotations. Defect struc-
tures in semiconductor crystals change their electronic and optical properties
strongly. Normally, defects, especially dislocation networks serve as leakage
current pathways and reduce the light emission by capturing excitons. In a
few cases structural fluctuations produce useful effects. For example, Indium
composition fluctuations in InGaN produce exciton localization effects which
enhances its light emission capability in GaN-based LEDs despite presence very
high density of dislocations and other defects [7]. A variety of new defect struc-
tures and their effects appear when new devices are invented or upgraded from
present ones. Understanding of defect formation and their effects will help their
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removal or even good use in a specific cases [74].
4.2 Ion channelling
When a set of planes or axes in a single crystal is aligned along the incident ion
beam direction, ions undergo a process called channelling. During this process,
ions are steered by atomic planes or rows close to the center of planar or axial
channels resulting in a substantial decrease (up to 50 %) in their energy loss rate
compared with an ion travelling along non-channelled direction. Channelled
ions are dechannelled after they interact with defects in crystal, which provides
the possibility of its use as a tool to measure amount and depth of defects.
A typical planar channelling event is schematically shown in Fig. 4.1. The
important planar channelling parameters like wavelength, amplitude and width











A crystal is a regular arrangement of atoms located at lattice positions in the
form of strings and planes with atomic vibrations increasing with the tempera-










3 is a constant and a is the Thomas-Fermi screening radius of the
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The term 1/2η2 is introduced to model thermal vibrations (η is the root mean
square displacement of lattice points due to thermal vibrations. The dechan-
nelling process is very important in channelling studies. The condition for a
particle to be channelled, as given by Lindhard [48], is (%min/a) ≥ 1, where
%min is the minimum distance of the closest approach. This condition in terms
of incidence angle comes out to be,





where Uo is the Coulomb potential at minimum distance of the closest approach
and p nd v are momentum and velocity of the penetrating particle.
Now, a planar channel consisting of two closely packed lattice planes as
shown in Fig. 4.1 is considered. The particle is assumed to have two dimensional
motion in xz plane. If we assume z-component of a channelled particle velocity









where E is the particle energy. Ions entering close to the midplane have consid-
erably different channelling parameters (wavelength and amplitude) than those
entering near planar walls with others covering the range in between [50].
4.2.2 Energy loss under channelling conditions
The energy loss of a charged particle in amorphous media or in a random di-
rection in crystals can be easily calculated using the Bethe-Bloch equation with
a precision of about 20%. In case of an ion beam direction not aligned with
low Miller indices in a crystal (usually called random condition), the impact
parameters are distributed randomly but uniformly. So, the average electron
density determines the energy loss rate of the ion. For channelled ions moving in
a single crystal, the impact parameters have a well-defined distribution making
local distribution of impact parameters and electron density important.
Consider a particle going through a channel inside a crystal. Before it is
scattered, it has an energy loss rate, (dE/dx)c, which is given by,
〈(dE
dx
)c〉 = Ein − E1
L/ cos θ1
, (4.6)
where Ein is the incident energy of the particle, E1 is the energy before scat-
tering, L is the depth of scattering and θ1 is the angle of the incoming beam
with the target normal. If E2 is the energy after scattering, then it is given by
E2 = kE1, where k is the kinematical factor which depends on mass of the inci-
dent particle, mass of the target atom and scattering angle θ. After scattering,
there is a strong probability that particle will go in a random direction with
the energy loss rate (dE/dx)r which is well known and can be calculated using
some appropriate approximations [41]. The observed energy of the backscat-
tered particle is given by,








where R = L/ cos θ2. Here, R is the path length of the outgoing beam and θ2
is the angle of the outgoing beam with the target normal. The average energy
loss rate inside a channel in a crystal is given by,
〈(dE
dx











The determination of the energy loss rate in a crystal using transmission chan-
nelling is easy due to the reason that ions remain channelled throughout the
passage inside the crystal but this technique is limited due to stringent require-
ments regarding thickness of self-supported thin films. An other limitation in
the measurement of the channelling energy loss rate is that it depends upon
the transverse kinetic energy of the incident ion and thus on beam divergence,
which depends on the experimental setup (sizes of the object and the collimator
slits and distance between them). Only the average of the stopping power for
ions entering at various impact parameters is deduced.
4.3 Dechannelling by defects
Defects and impurities affect properties of materials quite considerably. Pro-
cessing of materials in making devices introduces defects. The control of these
defects is very important. Ion channelling can be used to look into the intro-
duction and removal of defects during materials processing. To use ion chan-
nelling as a tool to measure defects, we need to know how this effect can be
employed in determination of defects. Dechannelling occurs even in a perfect
single crystal. The dechannelling effect is enhanced due to presence of defects
in a crystal. The scattering probability is proportional to the product of local
ion flux and scattering cross section. In the center of a channel flux peaking
results in a high scattering probability. An extended defect can cause distortion
or curvature of the channel walls which gives stronger scattering. Dechannelling
occurs when the distortion of the channel walls become significant relative to
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the channelling critical angle. The probability of dechannelling PD depends on
both defect dechannelling factor σD and defect density nD and probability of




The relevant units of the dechannelling factor σD are d
2 for point defects, d
for line defects, dimensionless for areal defects and d−1 for volumetric defects,
where d has dimension of length.
4.3.1 Point Defects
Consider a uniform beam of particles penetrating in a channel inside a crystal
with some interstitial atoms as shown in Fig. 4.2. A dechannelling effect can
be associated with binary scattering from interstitial atoms due to Coulomb






Figure 4.2: Dechannelling from point defects.









Transformation of the above expression in laboratory frame of reference can be








[((1− (M1/M2) sin θ)2)1/2 + cos θ]2
[(1− (M1/M2) sin θ)2]1/2 . (4.11)
Dechannelling occurs only if scattering angle is greater than the critical angle







where dΩ = 2pi sin θdθ. If we use a small angle expansion for sin θ, the above




















For 2 MeV He ions incident along < 0001 > axis of GaN (d = 5.18 A˚), the value
of σD can be determined as, 2.26× 10−19 cm2. This cross section is sufficiently
small as compared to the area of the crystal channel ( 3.16 × 10−15 cm2). It
shows that a single isolated atom (or even a collection of few isolated atoms) in
a channel can not affect channelling considerably.
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4.3.2 Dislocations
A dislocation is an extra incomplete (e.g., half or one third) plane (Fig. 4.3)
in a crystal. This extra incomplete plane creates a distortion in the crystal.
The amount of dechannelling resulting from the dislocation can be determined
by determining the influence of distortions on the trajectories of channeled
particles. The distortion produced due to a dislocation can be represented by
planes inclined at an angle θ with respect to channeling direction. Let the
inclination angle θ equals ψc at a distance xo from the dislocation, then the
dechannelling factor σD can be written as,
σD = 2xo. (4.16)
The dechannelling factor is inversely proportional to the critical angle due to
the inverse relationship between xo and critical angle. So, the dechannelling
factor for planar channelling is greater than that for axial channelling. The
probability of dechannelling per unit depth can be obtained by multiplying the





Figure 4.3: A graphical representation of dislocation.
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4.3.3 Stacking Fault
Sometimes, an extra or missing plane is observed in a crystal lattice stacking
sequence. This areal defect is a kind of discontinuity in the stacking sequence
and is usually termed as stacking fault (shown in Fig. 4.4). In case of a stacking
fault, an internal surface (just like a crystal surface) exists. As the beam passes
through the fault area with a monolayer of atoms just like a surface layer, there is
additional backscattering similar to surface increasing χmin. The dechannelling
factor σD in case of stacking fault is given by,
σD = χmin. (4.18)
Additional 
monolayer
Figure 4.4: A schematic of a stacking fault showing additional monolayer similar
to surface layer.
4.3.4 Twins
Twins are a 3D defects. It is a volume of material that has an orientation
inside the host crystal. If the twin is a perfect crystal, a precise relationship
between the twinned region and host crystal lattices can be defined. Usually
a high index axis of the twinned region is aligned with a low index axis of the
host crystal. The amount of dechanneling in this case bears the information
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about the volume of the twinned region and its crystallographic orientation in









Figure 4.5: A schematic representation of twins.
There are some other types defects (e.g., voids and gas bubbles, amorphous
and ploycrystalline clusters and layers, and precipitates etc.) which can also be
measured using ion channelling [51].
4.4 Depth distribution of defects
In a channelling experiment, a beam traversing a crystal contains two kind of
particles (one channelled and other random or dechannelled). The backscat-
tering yield from a crystal with defects is due to the processes responsible for
backscattering yield in an aligned perfect crystal and an additional contribu-
tion due to the presence of defects. Incident particles can be backscattered
from defects or dechannelled followed by scattering from lattice sites. χD is
an important quantity for the analysis of defects in a crystal and is related to
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random fraction of the beam χR as,





is the effective concentration of atoms in defects normalized by
the total atomic concentration n. The symbol f is the defect scattering factor.
The quantity χR involved here is not a directly measurable quantity and can be
expressed in terms of a measurable quantity χV [51] (defined in Table 4.1) as,
χR(x) = χV (x) + [1− χV (x)]× [1−X], (4.21)
where X = exp(− ∫ x0 σD(x′)nD(x′)dx′).
For small defect concentrations, the above equation can be approximated as,










If the defects only dechannel incident ions but do not backscatter, then the








1− χD(x) ]. (4.23)
If we consider both dechannelling and scattering from defects (with f = 1),
the relation ship between normalized yield of a crystal with defects and random
fraction of the beam can be written as,
χD(x) = χR(x) + [1− χR(x)]nD(x)
n
. (4.24)
Using small defect density approximation, the above equation comes out be,
χD(x) = χV (x) +
nD(x)
n
[1− χV (x)] + Y, (4.25)
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Table 4.1: Important parameters used for discussion regarding depth distribu-
tion of defects.
Parameter Definition
χV Ratio of aligned orientation yield
to random orientation yield (nor-
malized yield) in case of a virgin
crystal
χR Random fraction of the beam
χD Normalized yield in case of a crys-
tal with defects
f Defect scattering factor that ac-
counts for the effective number of
scattering centres per defect
n The total atomic concentration
where Y = [[1− χV (x)] ∫ x0 σDnD(x′)dx′ ][1− nD(x)n ]. For a typical case in which
nD/n << 1 and χV << 1,













alterations in GaN thin films
during annealing
Annealing experiments were performed on GaN layers, grown on sapphire, over
a wide range of temperatures (500-1100 oC). Rutherford Backscattering Spec-
trometry (RBS) was performed in random and <0001> channelling geometries
using 2 MeV protons and helium ions to determine stoichiometric and structural
changes produced during annealing. A comprehensive quantitative depth distri-
bution of stoichiometric and structural changes in the near-surface region (∼750
nm) with resolution of better than 50 nm and 20 nm, respectively, is described.
No decomposition was measured for temperatures up to 800 oC. Decomposi-
tion in the near-surface region increased rapidly with the further increase of
temperature, resulting in a near-amorphous region (500nm) for annealing at
1100 oC. The range of annealing conditions with negligible stoichiometric and
structural changes is determined. All the decomposition reactions of GaN have
been discussed using present and reported results. These high depth resolution




Gallium nitride has a wide range of applications in optoelectronics due to its
wide direct band gap and the possibility of band gap engineering [1, 6, 7, 10,
52]. It is also an ideal semiconductor material for high-temperature/high-power
electronic devices due to its excellent electronic and thermal properties, a high
break down voltage, chemical inertness and possibility of fabrication of both
unipolar and bipolar devices with low parasitics [53]. GaN and its alloys are
now also of interest due to their use in optoelectronic nanoscale devices as
nanowires and nanorods [54,55].
High-temperature annealing of GaN is an important step in producing blue
light emitters and high-temperature devices. This process is used to activate Mg
and Ca for p-type doping of GaN [56,57], reconstruction of a stoichiometric near-
surface region and improvement in GaN optical properties after plasma etching
[58,59], smoothing of biasing contacts and the GaN-sapphire interface roughness
[60], removing of ion implantation damage [61] and cleaning surfaces [62, 63].
However, annealing above a certain temperature may cause decomposition of
GaN, especially near the surface, where nitrogen and gallium evaporate leaving
vacancies, which may result in the incorporation of oxygen. This incorporation
of oxygen can cause n-type conductivity in initially p-type GaN, as discussed
in theoretical studies from Mattila and Nieminen [64] and Park and Chadi [65].
Strain can also be introduced during annealing due to presence of oxygen and
water vapour in the ambient [66]. Pearton et al. [67] have presented results
of diffusion of oxygen into GaN during annealing in lower temperature range
500-900 oC under different experimental conditions as compared to ours.
A number of authors [68–70,72,73,103] have studied thermal stability of GaN
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in the last decade. In early studies, Lin et al. [68] observed PL line intensity for
GaN samples annealed up to 900 oC and its degradation for 900 oC. Vartuli et
al. [69] studied surface morphology and electrical conductivity of annealed GaN
samples. They also studied surface stoichiometry of annealed GaN samples up
to 30 nm depth. It is observed that lattice alterations end at considerably more
depth as compared to 30 nm for annealing above 900 oC. Saarinen et al. [73]
have studied thermal stability of Ga vacancies produced during GaN growth.
Kuball et al. have studied the effect of annealing on free carrier density in ion
implanted GaN using UV Raman scattering. Despite a considerable number of
studies, a complete depth distribution of stoichiometric and structural changes
is missing. In this study, these changes are determined in the near-surface region
(750 nm) of annealed GaN samples.
Quantitative depth profiling of crystalline lattice disorder and impurities
are of great importance in semiconductor device characterization as their per-
formance depends strongly on the control of defects and impurities [74, 75]. A
number of authors [37, 51, 76–79] have used ion beams to characterise defects
and impurities in crystals, especially in semiconductors. Here, depth distribu-
tion of lattice disorder and stoichiometric changes in annealed GaN samples
are determined using ion beam analysis in random and channelling geometries.
The depth distributions of defects has been determined in a similar manner to
that described by Feldman and coworkers [51], assuming displacement of gal-
lium atoms after evaporation of nitrogen. The range of annealing conditions
under which negligible decomposition of GaN is observed, is determined. It is
important in assessing its optimal thermal processing conditions. This is the
first report which gives a comprehensive description of depth distribution of
stiochiometric and structural changes in gallium nitride during annealing over
a wide range of temperatures using RBS/channeling. Our nanoscale depth res-
olution results of thermal behavior of GaN near-surface region are useful for
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fabrication and operation of GaN based semiconductor devices.
5.2 Experimental
Annealing experiments were carried out on GaN layers (3 µm thick) which
were grown on sapphire through Metal Organic Chemical Vapour Deposition
(MOCVD). Samples were annealed at temperatures between 500 oC to 1100 oC
for a time interval of 60 seconds, with additional ramp up and down times of
20 seconds. Annealing was carried out in N2 ambient and samples were kept
uncapped during annealing to study the process of decomposition. The sample
temperature was maintained within ±5oC from the set temperature during an-
nealing. Channelling and random backscattering measurements were performed
using 2 MeV helium ion and proton beams. Ion channelling measurements were
carried out along <0001> axis, and backscattered particles were measured us-
ing a semiconductor surface barrier detector located at a scattering angle of
160o. Charge integration of the incident beam was achieved by applying −500
V bias voltage in front of the samples in order to suppress the secondary electron
emission. The total beam fluence used for each measurement was 5-10 µC.
5.3 Results
5.3.1 Random RBS measurements
5.3.1.1 Gallium measurements
Fig. 5.1 shows random backscattering spectra from samples annealed at dif-
ferent temperatures using 2 MeV He ions. Vertical arrows show the positions
along the energy scale where signals from gallium, oxygen and nitrogen atoms
at the surface are expected to appear. Stoichiometric changes are observed in
the near-surface region during annealing. A decrease in gallium atomic concen-
58
tration in the near-surface region of annealed GaN is manifested as a decrease
of backscattering signal from gallium atoms. The presence of oxygen in the
near-surface region for GaN samples annealed at high temperatures can be seen
in Fig. 5.1, but the ability to detect oxygen with He ions is poor due to small
scattering cross section of lighter target atoms. More precise measurements of
oxygen and nitrogen profiles using 2 MeV protons are presented in the next
section.
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Figure 5.1: He ion random backscattering spectra from GaN samples annealed
at different temperatures. Annealing experiments were also carried out at 500,
600, 700, 800 and 900 oC but spectra are not shown in Fig. 5.1 to avoid
overlapping of spectra. The depth scale corresponds to that of Ga atoms.
With increasing temperature, nitrogen and gallium can diffuse from deeper
regions within the lattice to the surface. This decomposition of GaN initiates
two processes. One is the displacement of atoms to new equilibrium lattice
positions and the other is the diffusion of oxygen from ambient into the GaN to
fill the vacancies produced by evaporation of nitrogen (and probably gallium).
The backscattering spectra were quantified using the simulation code SIMNRA
[80] for different annealing temperatures. The measured gallium percentage in
59
the near-surface region (<750 nm) after annealing, as determined by fitting the
He ion backscattering spectra in Fig. 5.1, is shown in Fig. 5.2 as a function of
annealing temperature.



















Figure 5.2: The measured gallium percentage in the near-surface region (<750
nm) of annealed GaN samples as determined from the He ion backscattering
measurements in Fig. 5.1. Nitrogen and oxygen contents were determined from
backscattering spectra shown in Fig. 5.4. The lines are drawn to guide the eye.
The percentage of gallium atoms was determined using random measure-
ments of as-grown and annealed GaN samples, and is shown as a function of
depth in Fig. 5.3. The percentage of gallium is plotted only for 1000oC, 1050oC
and 1100oC. For lower annealing temperatures, no significant change in the gal-
lium signal was observed in random experiments.
5.3.1.2 Nitrogen and oxygen measurements
This section contains results of random measurements of annealed GaN using
a 2 MeV proton beam. Fig. 5.4 shows random backscattering measurements
of the same as-grown and annealed GaN samples. Only selected spectra are
shown for the purpose of clarity. The effects of evaporation of nitrogen and in-
corporation of oxygen during annealing are now clearly separated due to higher
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Figure 5.3: Measured percentage of Ga atoms in GaN as a function of depth as
determined from helium backscattering spectra in Fig. 5.1. Lines are drawn to
guide the eye.
scattering cross section of protons as compared with He ions for lighter ele-
ments. Evaporation of nitrogen and incorporation of oxygen were determined
quantitatively by fitting these random spectra using SIMNRA [80]. Two rep-
resentative simulated spectra for as-grown and 1100 oC annealed GaN samples
are presented in Fig. 5.5.
The measured percentage of nitrogen and oxygen in the near-surface region
of annealed GaN samples using a 2 MeV proton beam is shown in Fig. 5.2. It
can be seen that nitrogen atomic concentration starts to decrease at a lower tem-
perature than gallium and decreases at a progressively faster rate. The decrease
in atomic concentrations of nitrogen and gallium is due to the oxygen gain by
the lattice and loss of gallium and nitrogen from layers after decomposition of
GaN. In our experiment, oxygen is present in the ambient, which was nitrogen
containing oxygen as an impurity. It is clear from proton backscattering results
of annealed GaN sample, presented in Fig. 5.4, that nitrogen and gallium loss
is present as integrated counts of gallium and nitrogen over the entire peak are
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Figure 5.4: Proton backscattering spectra from GaN samples annealed at dif-
ferent temperatures for 60 seconds. The spectrum region between 1600-1800
keV has been omitted to highlight the variation of the signal for Ga, O and
N. Vertical arrows show the positions at which signals from a corresponding
element Ga, O and N are expected to appear. Lines are drawn to guide the eye.




















Figure 5.5: Experimental and simulated (SIMNRA [80]) random backscattering
proton spectra from as-grown and 1100 oC annealed GaN sample for 60 seconds.
Solid and broken lines show simulated spectra for as-grown and 1100 oC samples,
respectively.
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Table 5.1: The areal atomic density (×1015/cm2) of gallium, nitrogen and oxy-
gen present in as-grown and annealed GaN samples, determined using 2 MeV
proton backscattering spectra fitted with SIMNRA.
Annealing temperature (oC) Ga (×104) N (×104) O
As-grown 1.897 ± 0.020 1.897 ± 0.019 0
900 1.848 ± 0.019 1.773 ± 0.018 56 ± 2
1000 1.836 ± 0.019 1.770 ± 0.018 538 ± 4
1050 1.816 ± 0.018 1.615 ± 0.016 771 ± 4
1100 1.712 ± 0.017 1.455 ± 0.015 2279 ± 12
decreased in samples annealed at temperatures beyond 1000 oC.
The atomic concentration of gallium and nitrogen in the near-surface region
decreases during annealing due to oxidation and evaporation processes. Oxy-
gen from the ambient can diffuse into a portion of the disrupted region near
to the surface where decomposition is greatest. The thicknesses of the altered
surface layers with decrease in atomic concentrations of gallium and nitrogen
and oxygen incorporation, as determined from 2 MeV proton beam random
spectra, are shown in Fig. 5.6. At temperatures of >1000 oC, the thickness
of the depleted layer extends at least 100 nm beyond the oxygen-incorporated
layer. Fig. 5.7 shows the separated backscattering signals of (a) nitrogen and
(b) oxygen present in selected annealed GaN samples as a function of depth.
Backscattering signals were separated using the simulation computer program
SIMNRA. Fig. 5.8 shows (a) the decrease of the atomic percentage of nitrogen
and (b) the increase of the atomic percentage of oxygen in annealed GaN sam-
ples as a function of depth. These ratios are determined from comparison of
the random spectra of the as-grown and annealed samples.
Fig. 5.5 shows the measured spectra of as-grown and 1100oC annealed GaN
samples with a SIMNRA fit that assumes the pure GaN layer in the as-grown
sample and the changes discussed above in 1100oC sample. The missing gallium
in 1100oC sample may have been lost to the ambient during annealing or be still
present in the sample. This can be resolved by calculating the total amount of
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gallium in atoms/cm2 from the spectra shown in Fig. 5.5 after separating the
contributions from the other elements using SIMNRA code. The areal atomic
densities of gallium, nitrogen and oxygen are given in Table 5.1, which shows a
loss of gallium and nitrogen from GaN layers after decomposition. The errors
given include contributions from statistics and from the unfolding of the spectra.



















Figure 5.6: Thicknesses of the altered surface layers with decrease in atomic
concentrations of gallium (tGa) and nitrogen (tN), and oxygen incorporation
(tO) for annealed GaN as a function of annealing temperature. Lines are drawn
to guide the eye.
5.3.2 Channelling measurements
The random backscattering results using 2 MeV helium ion and proton beams
have shown variations in the stoichiometric depth distribution with annealing
temperature. Now, 2 MeV helium ion channelling results will be described,
which show variations in crystalline quality as a function of depth. Fig. 5.9
shows <0001> axially channelled RBS spectra from the same GaN samples.
For annealing at temperatures up to 800 oC, dechannelling within the GaN is
negligible. Dechannelling increases rapidly above this temperature, which is
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Figure 5.7: Depth profiles of (a) nitrogen and (b) oxygen backscattering signal
from annealed GaN as determined by fitting the experimental backscattering
data, shown in Fig. 5.4, with the simulation code SIMNRA. The gap between
the backscattering signals at the edges of broken region in each case is due to the
change in backscattering cross section of penetrating protons from respective
atoms.
manifested as an increasing backscattering signal from a thicker region close
to the wafer surface. This indicates significant decomposition of the lattice at
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Figure 5.8: Percentage (a) nitrogen decrease and (b) oxygen increase in the
near surface region of GaN as determined from 2 MeV proton beam random
backscattering measurements. Lines are drawn to guide the eye.
temperatures above 900 oC. The major cause is displacement of atoms after
evaporation of nitrogen and gallium from the near surface region as discussed
in the previous section. Channelling spectra were also collected for annealing
temperatures of 500, 600, 700 and 800 oC but are not shown in Fig. 5.9 to avoid
overlapping of spectra.
Disruption and oxygen incorporation in the near-surface region can be seen
as increasing with temperature in Fig. 5.9. Here, again oxygen is visible only
near the surface in backscattering channelling spectra and the oxygen signal
from the GaN-sapphire interface is not present in these spectra due to the
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Figure 5.9: Channelling backscattering spectra from < 0001 > axially aligned
GaN samples, which were annealed at different temperatures. The horizontal
arrow shows the region used for determination of χmin. Vertical arrows show
the positions where backscattering signals from oxygen and nitrogen at the
surface appear. The depth scale corresponds to that of gallium atoms in random
backscattering.
limited analytical depth of the analyzing helium beam. The signal from oxygen
at the surface is more pronounced in the channelling helium ion spectra due to
reduced background counts as compared with helium random spectra. Fig 5.10
shows values of minimum channelling yield, χmin, as a function of annealing
temperature.
Fig. 5.11 shows the percentage of displaced gallium atoms, as a function of
depth, following the decomposition of GaN during isochronal annealing based
on the channelling measurements in Fig. 5.9. The number of displaced atoms
are calculated by comparing backscattering gallium signal in channelling and
random spectra [51] at each annealing temperature, equating the dechannelling
signal to fraction of gallium atoms displaced from their lattice sites. For tem-
peratures beyond 1000 oC, the percentage of displaced gallium atoms reaches
70%.
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Figure 5.10: Minimum channelling yield, χmin, for annealed GaN as a function
of annealing temperature. Line is drawn to guide the eye.
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Figure 5.11: Percentage of displaced gallium atoms out of total gallium present,
as a function of depth, present in GaN samples annealed at different tempera-
tures, determined from channelling and random measurements. Lines are drawn
to guide the eye.
5.3.3 Decomposition reactions
The modes available for material loss from GaN during annealing include [83,
90–92]
2GaN(s)→ 2Ga(g) +N2(g) (5.1)
68
2GaN(s)→ 2Ga(l) +N2(g) (5.2)
2GaN(s)→ xGaN(g)or[GaN ]x(g) (5.3)
The formation of a Ga-rich surface and gallium droplets [93] on a GaN surface
during annealing can be enhanced by the presence of hydrogen, incorporated




H2 → Ga(l) +NH3 (5.4)
The results given in Table 5.2 show that the mode of material loss is dom-
inated by the reaction given in equation 5.2 due to observed preferential loss
of nitrogen during high temperature annealing. After decomposition of GaN
followed by incorporation of oxygen, the altered surface-layer becomes a mix-
ture of gallium metal islands or droplets, gallium oxide (preferably Ga2O3)
and gallium oxynitride with components ratio depending upon the annealing
temperature. The chemical reactions for the formation of Ga2O3 and gallium
oxynitride are [94,95]
4GaN + 3O2 → 2Ga2O3 + 2N2 (5.5)
4GaN + 3O2 → 2Ga2O3−xNx + (2− x)N2 + xO2 (5.6)
In the 1100 oC annealed sample, the ratio of gallium to oxygen is approxi-
mately 2:3, with a very small percentage of nitrogen which suggests that most
of the 100 nm surface layer in this case is probably Ga2O3. In contrast, the
stoichiometry of 1000 and 1050 oC annealed samples suggests the presence of
metallic gallium, GaN, Ga2O3 and gallium oxynitride (Ga2O3−xN(2/3)x [94] or
GaOxN1−x [95]).
It is observed that decrease of gallium atomic concentration becomes ap-
preciable only at temperatures beyond 1000 oC. The mechanism of gallium
loss in our experiments can be attributed to the reaction initially studied by
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Table 5.2: Composition of 100 nm surface layer of as-grown and annealed GaN
samples determined using a 2 MeV proton beam backscattering.
Annealing temperature (oC) Ga (%) N (%) O (%)
As-grown 50 50 -
500-800 50 50 -
900 47 43 10
1000 45 29 26
1050 42 25 33
1100 38 4 58
Frosch and Thurmond [96] which involves the gallium liquid and gallium oxide







The above reaction explains the mechanism of gallium loss at temperatures
(1000-1100 oC) much lower than its boiling temperature.
AFM images in Fig. 5.12 show formation of micron-sized islands or terraces
in GaN samples, which are annealed at temperatures higher than 1000 oC. The
size of the islands increases with the annealing temperature. The stoichiometry
of the annealed samples, given in Table 5.2, suggests that these islands might
be Ga metal droplets or Ga2O3 poly-crystallites, which increase their size by co-
alescence due to the increase of diffusion at high temperatures. Fig. 5.13 shows
surface roughness determined by AFM and thickness of altered surface layer
determined by RBS as a function of annealing temperature. Surface roughness
and thickness of the altered surface layer show similar dependence on annealing
temperature.
5.4 Interpretation and discussion
In the previous section, results of 2 MeV He and proton beam experiments on
as-grown and annealed GaN are presented. The decomposition of GaN and
subsequent incorporation of oxygen can be seen clearly for samples annealed at
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as-grown 800 oC
1050 oC 1100 oC
Figure 5.12: AFM images of as-grown and annealed GaN samples at different
temperatures.




































Figure 5.13: Surface roughness determined using AFM and thickness of altered
surface layer, tsc determined using RBS of annealed GaN samples as a function
of annealing temperature.
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high temperatures. Incorporation of oxygen in GaN is important because it can
alter its doping level. Thus, if GaN-based transistors, in high power devices, are
briefly exposed to temperatures higher than 900oC, their electronic properties
may change quite considerably.
In Figs. 5.2, 5.6 and 5.10, the range of annealing temperatures in our exper-
iments may be divided into three regimes. The first regime up to temperatures
of 700 oC, the second of temperatures 700 oC to 900 oC and the third regime of
temperatures between 900 oC and 1100 oC. In the first region, decomposition
and resulting evaporation and displacement of atoms from lattice positions is
negligible and GaN is found to be thermally stable with no changes observed
in its crystalline quality. The value of χmin is same as that of as-grown GaN.
In the second region, there is measurable decomposition resulting primarily in
evaporation of nitrogen and displacement of gallium atoms from their lattice
sites due to vacancies created after decomposition. χmin increases slightly and a
small amount of oxygen is incorporated. In the third region, the decomposition
is considerable, which results in stoichiometric changes near the layer surface.
Incorporation of oxygen is substantial and most gallium atoms are displaced
from lattice positions, creating an almost-amorphous layer in the near-surface
region. The value of χmin increases rapidly in this region and becomes more
than 50%.
It is concluded that 700-800 oC is the critical temperature range for GaN at
which lattice disruption starts to occur. This increases slowly up to 900 oC and
then more rapidly with further increases in temperature. These temperatures
are quite low compared to the melting point of GaN (>1700 oC). A few initial
studies [81–83] provide information on the thermal decomposition of GaN. John-
son et al. [81] has suggested evaporation of monomeric gaseous GaN whereas
Sim and Margrave [82] have suggested evaporation of polymeric gaseous GaN
without decomposition at temperatures higher than 800oC. Further details are
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given by Munir and Searcy [83] and the references therein and related theory
is provided by Langmuir [84] and Hirth and Pound [85]. There are two other
possible routes by which GaN may decompose into gallium and nitrogen. In
the first case, gallium and nitrogen can be separated in gaseous forms while
in the second case, gallium can be in a liquid state [83]. In our results, it is
clearly observed that evaporation of nitrogen occurs at considerably higher rate
than that of gallium, which shows that evaporation of monomeric and poly-
meric gaseous GaN can only account for a fraction. Evaporation mainly occurs
after decomposition of GaN into gallium and nitrogen suggesting the formation
of gallium atoms in a liquid state, which cause dechannelling as shown in Fig.
5.11.
Figs. 5.3 and 5.11 together give a complete picture of the disruption of
the gallium lattice. At a particular temperature, a small percentage of gallium
atoms has evaporated and a large fraction of those remaining are displaced from
their lattice sites. Thus, it is concluded that gallium atoms are first displaced,
then a fraction of them evaporate. Evaporation of nitrogen is found to be the
dominant process in high temperature annealing as most nitrogen atoms are
evaporated from the near-surface region during high temperature annealing.
Similar profiles were measured for nitrogen evaporation and oxygen incorpora-
tion, suggesting that oxygen takes vacant nitrogen sites in the GaN lattice.
It is well known that hydrogen enhances incorporation of Mg-dopant in GaN
due to formation of Mg-H complexes, but it must be removed by post-growth
annealing [86, 87]. Oxygen presence during low temperature annealing helps
in the removal of hydrogen, which is believed to be responsible for low p-type
conductivity of GaN [88]. Oxygen presence in ambient during low temperature
annealing (up to 600 oC) is useful for activation of Mg-doped GaN [88, 89].
Our results show that decomposition of GaN and changes in its stoichiometry
is negligible during annealing at temperatures lower than 700 oC, at least for
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time intervals of 60 seconds.
Fig. 5.14 shows, schematically, the thermal alterations along depth into
GaN layers during annealing over 500-1100 oC. Intensity of these alterations





Figure 5.14: Schematic showing summary of the thermal alterations along depth
into GaN layers during annealing over 500-1100 oC.
5.5 Conclusion
This study shows for the first time the depth distribution of structural and sto-
ichiometric alterations of annealed GaN samples over a wide range of annealing
temperatures between 500 and 1100 oC. Decomposition of GaN is found to be
negligible during annealing up to 800 oC and this range of temperature is safe
for GaN based materials processing and device operation for high temperature
devices. Thermal annealing of GaN beyond 1000 oC causes a considerable de-
composition and disruption in the near-surface region. At these temperatures,
complete evaporation of GaN surface layers followed by the alteration of the
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new surface-region is observed. The reduction in the thickness of GaN thin lay-
ers due to the material loss and the stoichiometry of the altered surface-region
after annealing have been determined quantitatively by fitting the experimen-
tal data with the simulation package SIMNRA. These quantitative results have
been used to explain the processes involved during evaporation and stoichio-
metric changes. The depth of the altered surface-region measured using RBS is
found to have a relationship with AFM results of surface roughness. Combined
RBS/channeling and AFM results explain the formation of micron-sized islands
or terraces on GaN surface during annealing. Our nanoscale depth resolution
results are useful for further development of fabrication procedure of GaN based
conventional and low dimensional devices.
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Chapter 6
Coalescence of epitaxial laterally
overgrown GaN fronts
A high crystalline quality GaN layer was grown using epitaxial lateral over-
growth (ELO) with its major fraction showing perfect, flat surface coalescence
between adjacent laterally grown fronts (wings). In the remaining minor frac-
tion of the ELO, imperfect wing-wing coalescence was observed. Channeling
contrast microscopy, ionoluminescence and Nomarski optical microscopy were
employed to study the mechanism of perfect and imperfect coalescence of ELO
wings and its effect on optical properties.
6.1 Introduction
During the past decade, GaN has become one of the most investigated semi-
conductor materials, largely owing to its use in the fabrication of optoelectronic
devices [1, 6, 7, 97]. Due to unavailability of large-area GaN substrates, most
thin film growth of this material is performed heteroepitaxially on a highly
mismatched sapphire substrate. These conventionally grown layers are charac-
terised by high areal densities of threading dislocations: values in the range of
108-1010 cm−2 are typical for GaN grown on sapphire (0001). These dislocations
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thread up and are the source of high power dissipation in GaN devices. Espe-
cially, laser diodes (LDs) with heteroepitaxially grown GaN layers has severely
short lifetime due to high threshold current density caused by leakage cur-
rent through pathways made up of threading dislocations and other defects.
Epitaxial lateral overgrowth has been widely adopted to produce GaN layers
containing micro-regions of much higher crystalline quality [7, 98–102] for use
in laser diodes.
Although the usual purpose of ELO is the production of planar GaN tem-
plate layers with regions of high structural quality, the ELO growth process it-
self introduces characteristic defect structures. The standard process on stripe-
patterned seed layers involves the approach and eventual coalescence of two
regions of ’wing’ material, as they grow laterally across each stripe of mask
material. A common feature of ELO processes is the existence of small angular
mis-orientations, or tilts, between adjacent wings. The nature of the coalescence
process can introduce structural defects, or even void channels visible in cross-
sectional micrographs, for example by Nakamura [7]. Complex strain fields are
also expected at coalescence boundaries. These have been studied, for example,
by Kuball et al. [103]. Despite the improved GaN device performance using
ELO [7], difficulties are still there in controlling the crystalline quality during
coalescence of adjacent wing fronts [104]. Coalescence process is also impor-
tant in heteroepitaxial vertical growth where sub-micron sized islands grow and
coalesce prior to layer by layer growth [105,106].
The microscopy techniques most widely employed to study coalesced ELO
GaN are scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM), both commonly used for imaging structures in cross section.
When applied to plan-view imaging, SEM has the disadvantage that it is only
sensitive to surface topographic features, rather than buried defects. Similar
limitations apply to atomic force microscopy (AFM), which is, however, valu-
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able as a technique to measure wing tilts. Microscopy techniques based on
reflection of visible light, or its generation with an ELO GaN structure, can re-
veal buried defects, as GaN is transparent at visible wavelengths. In this study,
three plan-view microscopic imaging techniques are applied to observe coales-
cence boundaries and related features in a coalesced GaN sample. These are
Nomarski optical microscopy, ionoluminescence (IL), and channelling contrast
microscopy (CCM) [37], the last two of which are applied to study the coales-
cence of ELO GaN wings, for the first time. Differences between IL and the
related technique of cathodoluminescence (CL), which has been quite widely
applied to studies of ELO GaN structures, will be discussed later. In combina-
tion the techniques used here reveal unexpected useful information about the
coalescence process in the sample studied.
6.2 Experimental
GaN seed layers 2 µm thick were grown on (0001) substrate, coated with blanket
SiO2 by plasma enhanced CVD, and patterned into stripes aligned parallel to
the < 11¯00 > axis using photolithography. Buffered HF solution was used to
expose the GaN seed layers. The widths of the SiO2 stripes (wings) and seed
regions were 9.1 µm and 6.8 µm respectively. ELO layers in thickness about
10 µm were grown using a single-step ELO process in which growth conditions
were chosen to give complete coalescence after 4 µm of vertical growth on the
seed layers. Fig. 6.1 shows a schematic ELO growth diagram with 〈11¯00〉
stripe direction towards the viewer. Both horizontal (0001) and sloping {112¯2}
regions develop during early growth across the mask stripes. GaN ridges appear
to be flat-topped. In Fig. 1(a), the horizontal to vertical growth rate ratio is
shown lower than in practice for clarity, (b) vertical {112¯0} facets develop as
overgrowth progresses, (c) sloping facets disappear entirely before coalescence
and (d) coalescence involving approach of vertical facets typically leaves void
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channels sealed at the top. Overgrown wings are tilted towards each other
as indicated by arrows with tilts greatly exaggerated for clarity. GaN grows
initially as GaN ridges with a trapezoidal cross-section from both sides of the
masked regions, starting from windows laterally and coalesce later.
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Figure 6.1: Schematic showing different steps of epitaxial lateral overgrowth.
A 2 MeV He ion beam was used to perform CCM measurements on a ELO
sample. The spot size of the beam used was 1 µm2. A contrast in the intensity of
backscattered ions is observed when the beam is scanned over areas of good and
poor crystalline quality. The contrast in intensity is produced due to difference
in density of atoms displaced from their lattice sites, so intensity in CCM maps
provide comparison of defect density in seed and wing regions. CCM scans of
various sizes from 30×30 to 500×500 µm2 were performed to determine overall
and local variations in crystalline quality. IL measurements were carried out
before CCM on the same sample using 1.3 MeV H+2 ions to study the optical
properties of the seed and wing regions as damage produced during CCM affects
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the optical properties, severely. A 1.3 MeV H+2 beam was used to limit the
range of beam within GaN thickness to avoid light production in the substrate
sapphire. The beam current used was 1-10 pA. The H+2 beam introduces a
considerable damage in the target, but less than that generated byHe ion beam.
IL is similar to cathodoluminescence (CL) with the electron beam replaced by
an ion beam. IL has an advantage over CL that ions go straight inside the
material without appreciable change in their direction, unlike electrons which
scatter strongly due to their small mass. Scattering of electrons in CL limits
its lateral resolution even at a very small depth from the surface. Nomarski
imaging of these seed and wing regions was performed for surface examination
of the coalescence boundary.
6.3 Results and discussion
Nomarski images in Fig. 6.2(a) show perfect coalescence with overall flat surface
and (b) imperfect coalescence with deep boundary of laterally grown fronts. In
CCM and IL results, dark and bright areas correspond to poor and good struc-
tural and optical properties, respectively. The use of IL over CL in studying
coalescence of adjacent wings has the advantage that ions produce higher inten-
sity of ionization as compared to electrons, which gives rise to strong emission
of light. Light emission decreases quickly due to higher damage produced by
ions in the material. The regions with poor crystalline quality stops emitting
light very quickly compared with perfect regions.
It has recently been reported that very different ELO GaN features can be
observed in the same growth run [107]. In our Normarski, CCM and IL results,
two types of coalescence between adjacent wing fronts is observed: the major
fraction (80 %) with a flat surface showing a negligible wing tilt and the minor
fraction (20 %) in which wing fronts are tilted with a deep-stepped wing-wing






Figure 6.2: A comparison between (a) perfect and (b) imperfect coalescence of
ELO GaN using Nomarski optical images. The scale bar in this and following
figures shows length of 15 µm.
and optical (Fig. 6.4a) properties of the coalesced wings is extremely good. In
the imperfect coalescence case, the structural (Fig. 6.3b) and optical (Fig. 6.4b)
properties are comparatively poor and the depth of the coalescence boundary is
a few tens of nanometers as measured using AFM imaging, which are not shown
here. Small-area maps of the area exhibiting perfect coalescence show the high
crystalline quality of coalescence (Fig. 6.3a). Wing tilt or other defects are
present in the case of imperfect coalescence as clear from the CCM map shown
in Fig. 6.3b. Optical properties of coalesced regions are degraded due to the
presence of dislocations and other defects generated due to misorientation of
meeting fronts caused by wing tilt, multi-faceting of wing fronts and strain near
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the mask. The dark coalescence line is formed due to pileup of dislocations and
other defects. Complex defect structures are formed at a coalescence boundary
when the width of coalesced wings is not equal. Unequal width of coalesced
wings is not a general feature of the entire imperfectly coalescence region, but
appears randomly distributed over these areas. Our results suggest that in the
case of perfect coalescence, the width of both wings is equal. A mechanism is
suggested below describing diminishing of wing tilt in high quality coalescence






Figure 6.3: Channelling contrast microscopy maps of (a) perfectly and (b) im-
perfectly coalesced ELO GaN using 2 MeV helium ion beam.
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Dark wing-seed and wing-wing boundaries in Fig. 6.4b show a high den-
sity of dislocations running parallel to the strip direction at both boundaries.
Wing-seed boundaries are well-defined, showing that most dislocations have the
same Burger’s vector and dislocation looping effect is less as compared to wing-
wing boundary where dislocation looping into wings is more and dislocation








Figure 6.4: Ionoluminescence maps of (a) perfectly and (b) imperfectly coa-
lesced ELO GaN using 1.3 MeV H+2 ions beam.
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Fig. 6.5 shows the possible configurations of (a) perfect and (b) imperfect
coalescence of wings with unequal width. In the perfect coalescence case, wing
tilt was initially present due to the change in lattice parameters of laterally-
grown GaN from that on seed layers, but both wing fronts meet in a symmetric
way due to their equal width. Thus, the region of coalescence has less voids and
defects as compared to the case when wings of unequal width meet. When the
thickness of the ELO and seed layers increase, the wing tilt is diminished pro-
gressively by the elastic lattice relaxation. After a certain amount of relaxation
of seed, corresponding layers in ELO and seed align themselves to produce per-
fectly coalesced total flat surface substrate. This cannot happen in the case of
imperfect coalescence due to misalignment of the wing fronts at the coalescence
boundary. This misalignment of the wing fronts can be caused by unequal wing
width, multi-faceting of both or one of the two wing fronts and extra strain due









Figure 6.5: Schematic showing mechanisms of (a) perfect and (b) imperfect
coalescence.
The formation of a complex defect structure at a few imperfect coalescence
sites may be attributed to nonlinear growth due to irregularities in the mask
pattern, pileup and movement mechanisms of dislocations and other defects.
The defects, especially threading dislocations, produced by strain fields at a
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coalescence boundary glide to minimize their energy. The variation in the po-
sition of wing-wing coalescence boundary along the direction perpendicular to
it in Fig. 6.4b may be attributed to dislocation looping, glide and diffusion of
other defects. Due to initially present defects and trapped during diffusion in
wing regions, the coalescence boundary transforms into a micron-sized defective
tilt wall. At imperfect coalescence sites, defects are in general more frequent in
both seed and wing regions.
6.4 Conclusion
Laterally grown GaN results presented in this chapter are important in under-
standing mechanism of coalescence of lateral wing fronts producing perfect and
imperfect coalescence boundaries. Imperfect coalescence is characterized by a
small misorientation at the wing-wing interface. The reason of this misorienta-
tion could be the presence of threading dislocations and other defects generated




It has been extremely difficult to understand light emission from InGaN layers
used in LEDs and LDs due to presence of high defect density, especially thread-
ing dislocations. Nanoscale exciton localization is thought to be the reason of
high light emission efficiency of InGaN layers. Structural and optical proper-
ties of InGaN with two different In mole fractions (6 and 9 %) is studied using
RBS/channeling, X-ray diffraction spectrometry and photoluminescence.
7.1 Introduction
Solid state light emitting diodes are being considered as the ultimate general
source of light due to their compactness, high efficiency, long life time and
environment friendly nature [1, 109, 110]. Among direct bandgap materials in
use, GaN and its alloys, as a single materials system, have the highest potential
for their use as blue, violet and ultraviolet light emitting layers in LEDs and
LDs, which find applications in full-color flat-panel displays and high density
data storage [1, 7, 111].
The growth of self-organized InGaAs quantum disks in an AlGaAs matrix
due to complex interplay between the lattice strain, surface energy and surface
migration was reported by Notzel et al. [112]. The solubility limit of In in InGaN
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alloy is less than 6% at maximum growth temperature (800 oC) [113] determined
using a modified valence-force-field model [114]. It was indicated that the GaInN
alloys desirable for photonic and electronic devices are unstable [113]. The
availability of InGaN based blue and ultraviolet LEDs (1995) and LDs (1996) [6]
by Nichia Corporation apparently contradicts this indication. Later, it was
suggested that it is not composition but nanostructure, produced by phase
separation of InGaN, is responsible for unexpected high brightness [1,7,115,117]
of LEDs and LDs. Looking at the still unresolved problem of high brightness
(active layer phase segregation structure and its origin) of InGaN based LEDs
and LDs, RBS/channeling, XRD and PL measurements were performed on
InGaN thin films to understand its structural and optical properties.
7.2 Experiment
RBS/channelling, XRD and PL measurements were performed on InGaN thin
films grown on GaN. A 2 MeV He ion beam was used for RBS/channelling
measurements. Ion channelling measurements were carried out along <0001>
axis, and backscattered particles were measured using a semiconductor surface
barrier detector located at a scattering angle of 160o. Charge integration of the
incident beam was achieved by applying −500 V bias voltage in front of the
samples in order to suppress the secondary electron emission. XRD and micro-
PL measurements were performed at Center for Optoelectronics , Faculty of
Engineering, NUS.
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7.3 Results and Discussion
7.3.1 RBS/channeling Results
Figs. 7.1 and 7.2 show random and channelling spectra of InGaN samples with
6% and 9% indium, respectively. The channelling χmin values of 6% and 9%
indium InGaN samples are, respectively, 3% and 6%. So, crystalline quality
of InGaN, with 9% indium, is better than that of the sample containing 6%
indium. The random spectra in these figures indicate that indium incorporation
increases with increase of layer thickness as, previously, studied by Pereira et
al. [116]. Its reason might be that InGaN continues adopting its own lattice
properties as it grows on GaN. This effect is quite clear in 6% indium case.














Figure 7.1: Random and channelled RBS spectra of InGaN samples with 6%
indium.
7.3.2 PL and XRD results
PL and XRD results of these samples are shown in Fig. 7.3. They show struc-
tural and bandgap changes due to indium incorporation. The XRD spectra in
this figure confirms the formation of InGaN phase in both the samples with 6%
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Figure 7.2: Random and channelled RBS spectra of InGaN samples with 9%
indium.
Table 7.1: Peak values of PL measurements on InGaN samples.
Indium Peak position Peak FWHM Peak intensity
percentage (nm) (nm)
6 390.4 6.7 213850
9 399.2 8.8 121120
and 9% indium. The information related to PL and XRD measurements are
given in Tables 7.1 and 7.2, respectively.
7.4 Discussion
Structural defects are an essential feature of InGaN layers grown on GaN. For-
tunately, high defect density in InGaN does not degrade its light emitting ef-
ficiency due to formation of quantum dot like structures [31, 119–126]. These
Table 7.2: Peak values of XRD measurements on InGaN and GaN substrate.
Indium Peak position (o) peak FWHM (o) Peak shift (o)
percentage (InGaN/GaN) (InGaN) (InGaN and GaN)
6 36.019/36.386 0.032 0.367
9 35.976/36.469 0.051 0.493
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Figure 7.3: (a) PL and (b) XRD measurements of InGaN samples containing
6% (S59) and 9% (S61) indium.
structures (if they form) are not well-understood. RBS/channelling, XRD and
PL results in the previous section give a comparison of structural and optical
properties of InGaN samples studied. RBS/channelling results (Figs. 7.1 and
7.2 ) show the degradation of crystalline quality of InGaN alloys with the in-
crease in indium percentage. This is confirmed by XRD results shown in Fig.
7.3.
Suppose that the InGaN layers studied are composed of an InGaN matrix
with embedded indium rich InGaN quantum dots [115] and these quantum dots
are randomly distributed in these layers. The average size of quantum dots
in InGaN layers with 9% indium should be bigger compared with that of 6%
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indium case. The number of quantum dots in 9% indium sample should also be
more than that in 6% indium sample. The larger amount of lattice change in 9%
indium sample might be the reason of degradation of its structural properties.
The most research of InGaN on GaN layers is limited to lower indium con-
centration, up to 25%, due to indium insolubility in InGaN. It is simple to
determine the dependence of band gap alteration on composition change of an
alloy, but complicated in the case of phase segregation. InGaN alloys with more
than 6% indium are thought to be phase segregated [115]. It is found that this
dependence is linear in both low (mixed) and high (phase segregated) indium
content cases as clear from Fig. 7.4. The same was observed by Pereira et
al. [129].
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Figure 7.4: Emission wavelength as a function of In incorporation in InGaN.
GaN and InGaN (6 and 9%) are wavelengths whereas other are taken from [6].
7.5 Conclusion
The structural and optical properties of InGaN samples are found to be corre-
lated. Indium incorporation in InGaN layers degrade their structural properties.
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The immiscibility of indium in InGaN combined with degradation of structural




Planar channelling and lattice
disorder
Monte Carlo simulations were performed for 2 MeV protons travelling along the
(110) planar channels of the Si cubic crystal. These channelled protons show
alterations in their trajectories after their interaction with a lattice disorder
(planar translation or rotation). This trajectory profile alteration depends on
the nature and magnitude of the disorder and interacting proton phase-space
coordinates, which vary schematically along depth. So, information about the
nature, magnitude and depth of lattice disorders can be extracted in transmis-
sion planar channelling experiments. Previous chapters include experimental
axial RBS/channeling results of GaN samples where the objective was lim-
ited to quantitative defect analysis of these samples without precise knowledge
about geometric structure of individual defects. MC simulations in this chap-
ter present an account of channelling properties as a function of lattice disor-
der parameters (magnitude and depth). They give an insight into channelling




Since its discovery [11], ion channelling has been investigated using both theory
or simulations [48,130–133] and experiments [134–137] by a number of authors,
but still there is a capacity in the leading application area, defect characteri-
zation [138–143,147], and in beam adjustments (beam bending, extraction and
splitting) using bent crystals [148–150] in a range of accelerators, especially in
very high energy accelerators like Large Hadron Collider (LHC) at CERN and
RHIC at Brookhaven [151]. Many details about channelling phenomenon are
present in an old (1974) but a comprehensive review by Gemmell [12] and a few
books, for example, [37,41,50,79]. Lattice disorders (translations and rotations)
make up many types of defects found in crystals. Results based of MC simula-
tions of 2 MeV proton planar channelling through lattice disorders are presented
with the main focus on defect characterization in crystals and possibilities of
other applications like beam adjustments in high energy accelerators.
These simulations have a two-fold objective; one to understand the impacts
of lattice disorders on channelled ion characteristics for better use of this tech-
nique and the other to model experimental results presented recently [138,141].
Previously, a phase-space model of planar channelling [132, 139, 142–144] was
developed to characterize the effects of periodic variations of interface strain,
and observed resonance channelling, catastrophic dechannelling and asymmetric
angular yield dependence.
Planar channelled protons are steered between lattice walls, making periodic
oscillations with depth into the crystal. In a phase space distribution of a planar
channelled ion beam, the perpendicular angle, ψ, of each ion with respect to
the plane walls is plotted versus its spatial position x with respect to the plane
walls. This phase-space distribution of planar channelled beam occupies an
elliptical area bounded by xc along the horizontal axis, and ψc along the vertical
axis, as shown in Fig. 8.1. The distance xc and the angle ψc are the critical
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distance and the critical angle of channelling, respectively. The relationship
xc = dp/2− 1.25aT , where dp is the interplanar distance and aT is the Thomas-
Fermi screening length, was found to provide a good agreement between theory
and channelling experiments on strained-layer super-lattices [143, 147], despite
the fact that effects of atomic thermal vibrations were neglected. The value of
the critical angle ψc, depends on channelling conditions and it is equal to 0.17
o










Figure 8.1: A schematic representation of phase-space coordinates of channelled
protons under planar channelling conditions. Ellipse 1 shows the phase-space
ellipse for a low injection angle and ellipse 2 shows the bounding ellipse. The
double arrow labelled ’t’ shows the lattice translation.
The channelled beam component rotates clockwise within the ellipse, making
one revolution per wavelength depth interval, as shown in Fig. 8.1. Beam
injected at planar alignment, 0.00o, forms a symmetric distribution about the
center of the phase-space ellipse [145, 146]. The phase space distribution of a
beam injected at small tilts rotates within the bounding ellipse with a small
radius (e.g. ellipse 1 in Fig. 8.1), and with a larger radius for larger injection
angles. Trajectories for which the quantity (x/xc)
2 + (ψ/ψc)
2 is smaller than 1
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may be considered as channelled, i.e. within the bounding ellipse 2 in Fig. 1,
and dechannelled if greater than 1. The lattice translation of the stacking fault,
modelled using these simulations, [145] after the beam has passed through this
layer is incorporated as a horizontal displacement of the phase-space ellipse by
the magnitude of the translation vector, as shown in Fig. 8.1.
8.2 Simulation details
Monte Carlo simulations were performed using the computer code FLUX [152,
153] to study channelling of 2 MeV protons along the (110) planes of a 10
µm thick [100] Si crystal having a stacking fault (defined below) composed of
lattice translations. This thickness is a typical of that which can be achieved
using simple thinning procedures. Unless otherwise stated, the trajectories of
10,000 protons were simulated, randomly distributed over the area of Si unit
cell.
Stacking faults are common defects found in crystals. They are formed by
condensation of vacancies and plastic glide due to shear stresses in crystals
[154, 155]. A stacking fault lying on the four (111) planes with the translation
vector t = a
3
< 111 > was introduced in cubic Si. It can be modelled by
a set of systematic translations along the (111) planes. It extends from the
surface to the depth of 3 µm as shown schematically in Fig. 8.2. The stacking
fault introduces a lattice translation along the (110) planes of one third the
interplanar spacing, i.e. 0.64 A˚. In case of rotations, a bilayer system with a
single rotation at the interface was used. Further details about simulations are
given in the next section along with results.
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µm
[100](111) (110)
Figure 8.2: Schematic diagram of the lattice translation produced by a stacking
fault. The fault plane lies on inclined (111) plane, to a depth of 3 µm beneath
the surface.
8.3 Results and discussion
8.3.1 Lattice translations
Simulation results of intensity oscillations and of oscillation wavelength of 2
MeV channelled protons through a stacking fault, composed of translations as
discussed before, are given below.
8.3.1.1 Intensity oscillations
The energy spectrum of transmitted protons through a perfect crystal at pla-
nar alignment is shown in Fig. 8.3a. The recently-developed approach for
recording transmitted channelled ion energies described in reference [138] uses
a foil in front of the transmission detector to filter out the protons which have
dechannelled through the crystal, and consequently lose energy at a greater
rate. Choice of a suitable thickness of foil leads to measuring only those pro-
tons which remain channelled through the crystal, as shown in Fig. 8.3b. This
shows the phase space distribution of the beam portion emerging from the rear
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crystal surface with a transmitted energy of greater than 1840 keV, shown as
the dashed line in Fig. 8.3a. Clearly the majority of protons above this energy
threshold are confined within the phase space ellipse, i.e. they are still chan-
nelled. The following results show the number of protons transmitted through
10 µm thick Si with an energy above this threshold of 1840 keV, as a means of
considering only the beam portion which remains well-channelled through the
crystal.
Fig. 8.4 shows the simulated results for protons injected at angles of 0.00o
to 0.20o to the (110) planes at an angle of 3o away from [100] axis. A lattice
translation of 0.64 A˚ was introduced at depths between 0-3000 nm. A series
of dips and peaks in the transmitted intensity are observed, which correspond
to the conditions of worst and best channelling produced after the fault plane.
Pronounced intensity oscillations are observed for angles of 0.05o and 0.10o,
and 0.05o produces intensity oscillations which persist to the greatest depths.
Therefore, simulations for a range of lattice translations from 0.10A˚ to 0.96 A˚
along the (110) planes are also performed in order to study the effect of the
magnitude of lattice translation on the intensity of channelled protons trans-
mitted through the Si crystal with the fixed incident angle of 0.05o (Fig. 8.5).
The depth of lattice translation was varied from 0-1000 nm in this case with the
same step size of 40 nm. In the experimental results in [138], the amplitude of
the measured intensity oscillations was typically half the simulated magnitude,
owing to a combination of a finite beam spot size of 60 nm, and additional
transmitted proton energy straggle imposed by the measurement method. It is
concluded that a minimum lattice translation of 0.10 A˚ could be detected using
transmission channelling with present measurement methods, below which the
change of intensity cannot be resolved from the noise level.
Fig. 8.6 shows phase-space plots of protons travelling along (110) planes in





























distance across (110) planes (Å)
Figure 8.3: (a) Simulated energy spectrum for 10,000 2 MeV protons transmit-
ted through a 10 µm thick Si crystal in (110) planar alignment. (b) Phase-space
plot for those protons at the rear crystal surface which are transmitted with an
energy greater than 1840 keV in (a).
corresponding to a dip and other (grey) to a peak in Fig. 8.4) and one depth
(corresponding to a peak) in (c) and (d). The solid and dashed ellipses show the
locations of the bounding phase-space ellipses above and below the translation,
respectively. Peaks and dips in Fig. 8.4 are caused by a periodic constructive
and destructive role of the lattice translation on the channelled beam. This
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Figure 8.4: Simulated transmitted proton intensity as a function of lattice trans-
lation depth for different injection angles to Si (110) planes. The magnitude of
lattice translation is 0.64A.
constructive or destructive role depends on phase-space coordinates of chan-
nelled protons reaching the lattice translation at a certain depth. At planar
alignment (0.00o), only a small fraction of the channelled protons have phase-
space coordinates close to the bounding ellipse, so the lattice translation of 0.64
A˚ produces no significant effect on most channelled protons, producing only
weak oscillations. The large amplitude oscillations at tilts between 0.05o and
0.10o in (Fig. 8.4) occur because most protons in these cases have phase-space
coordinates which can be strongly influenced by the lattice translation, making
the resultant distribution beneath the fault much better or worse channelled,
depending on whether the phase space distribution is moved closer to, or away
from the ellipse center beneath the fault plane. In the case of a 0.15o injec-
tion angle, only a small fraction of protons remain channelled with increasing



























Figure 8.5: Simulated proton transmission intensity at 0.05o with (110) planes
as a function of lattice translation depth for different magnitude of lattice trans-
lations in Si crystal shown in Fig. 8.2.
the surface, but these oscillations vanish rapidly with increasing fault depth in
Fig. 8.4. At an injection angle of 0.20o, protons get dechannelled irrespective
of perfect or defective lattice, so very weak oscillations are observed, which die
out very rapidly with depth, as shown in Fig. 8.4.
8.3.1.2 Oscillation wavelength
Fig. 8.7 shows simulated trajectories of protons under the same conditions for
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Figure 8.6: Phase-space plots of protons after traversing (a) 40 nm (black) and
80 nm (grey) in case of 0.00o, (b) 40 nm (black) and 160 nm (grey) for 0.05o,
(c) 40 nm for 0.15o and (d) 40 nm for 0.20o in Si along (110) planes.
below the fault plane in this case is highly coherent, i.e. most of the trajectories
are oscillating in phase with each other. This is demonstrated more clearly
in Fig. 8.8 which compares the trajectories of 2 MeV protons along (110)
planar channels in a perfect crystal with those in a crystal containing a lattice
translation of 0.64 A˚ at a depth of 160 nm. These are the conditions under
which optimum channelling enhancement occurs as discussed above, where a
fraction of protons injected in the defective crystal become very well channelled
after interacting with lattice translation.
Fig. 8.9a shows the average planar oscillation wavelength, (λ), along the Si
(110) planes as a function of injection angle of fifty 2 MeV proton trajectories
above the fault plane, and the twenty best channelled trajectories, (λb), below
the fault plane, out of 100 incident trajectories in both cases. The values of
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Figure 8.7: Trajectories of 100 protons in Si along the (110) planes for a lattice
translation of 0.64 A˚ at a depth of (a) 80 nm at 0.00o, (b) 160 nm at 0.05o, (c)













Figure 8.8: Trajectories of protons for a tilt of 0.05o to the Si (110) planes in
(a) a perfect crystal and (b) with translation of 0.64 A˚ at a depth of 160 nm.
In (b), only the best channelled 20 trajectories are shown for clarity.
those shown in Fig. 8.8. Each data point uses the depth conditions for optimum
channelling enhancement beneath the fault plane discussed above. The error
bars in Fig. 8.9a reflect the spread of wavelengths found in the simulated data.
The change of wavelength, λb − λ, versus injection angle can be seen in Fig.
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8.9b. An increase in wavelength of well-channelled protons below the fault plane
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Figure 8.9: (a) Planar oscillation wavelength of 2 MeV protons along the Si
(110) planes above and below the fault plane. (b) change in wavelength, λb−λ,
as a function of injection angle.
These observations may be explained as follows: planar channelled ions in a
harmonic potential oscillate back and forth between the plane walls with a fixed
total transverse energy. When the ions are close to the lattice walls they have
maximum potential energy and minimum kinetic energy, and when they are at
the center of the lattice planes they have minimum potential energy and maxi-
mum kinetic energy. Above the fault in Fig. 8.8b, they are located away from
the center of the lattice planes (shown as the dashed line), and so have a certain
amount of potential energy. Below the fault plane they are injected directly into
the center of the lattice, so their potential energy is suddenly reduced, with no
change in kinetic energy. Their total transverse energy is therefore reduced, re-
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sulting in an increased oscillation wavelength. This argument is similar to that
previously used to explain the ’blocking to channelling transition’ [156, 157] in
which blocked proton trajectories above a fault plane were changed into well-
channelled trajectories beneath the fault plane by a reduction in their potential
energy. Here this concept is extended to include a reduction in potential energy
of some of the channelled beam component when crossing a fault plane, making
it even better channelled.
8.3.2 Lattice rotations
For channelling applications, it is very important to understand the proper-
ties of channelling phenomena through lattice disorders, which make up all the
defects in crystals. Fig. 8.10 shows trajectories of 2 MeV planar channelled
protons in (a) perfect, (b) plane translated and (c) plane rotated (110) Si crys-
tal. Specifications of the planar translation and rotation are given in the figure
caption. As clear from this figure, plane rotation or translation changes the evo-
lution of trajectory pattern resulting in a re-distribution of channelled protons
transverse energy due to change in phase-space coordinates after their interac-
tion with rotation or translation. A considerable fraction of channelled protons
get dechannelled immediately after their interaction with rotation or transla-
tion leaving remaining with stable and coherent trajectories due to lowered
transverse energy.
A fraction of protons dechannelled in one planar channel and gets channelled
in neighboring channels and stay channelled. The intensity of this effect is more
in case of protons dechannelled immediately after planar rotation or translation
compared with the perfect crystal case as clear from Fig. 8.10. This behavior is
apparent in case of translation despite the fact of limited statistics. In a perfect
crystal, protons are dechannelled due to an increase in their transverse energy
along depth, so the probability that they will remain channelled in neighboring
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Figure 8.10: Simulated trajectories of 2 MeV protons along (a) a perfect Si
(110) planes and having lattice (b) translation of 0.64 A˚ at 160 nm with a tilt
angle of 0.05o and (c) rotation of 0.05o at 220 nm and tilt angle of 0.05o.
channels after dechannelling from their original channel is less compared with
the case of lattice disorder, where protons are dechannelled due to rotational or
translational misalignments of planes at the location of disorder.
Lattice disorders increase or decrease transverse energy (transverse heating
or cooling) of planar channelled protons. The case of lattice translation (Fig. 8.8
and Fig. 8.10b) shows reduction in transverse energy and increase in coherence
of a fraction of a channelled beam. This reduction in transverse energy is
very apparent and comparatively bigger in case of rotation (Fig. 8.10c), where
phase-space volume of a fraction of the beam is reduced to a very small limit.
Similar conditions for lattice translation might exist. This transverse cooling
of channelled beam can be used for various purposes like understanding crystal




1. Lattice disorders change the planar channelled beam profile, producing
dechannelling, super-channelling, coherence and incoherence effects.
2. It has been shown using Monte Carlo simulations that under certain condi-
tions of tilt angle and fault depth, the planar oscillation wavelength is increased
on passing through a lattice translation, resulting in stable, coherent trajec-
tories. The resultant wavelength may also be greater than that in a perfect
lattice at planar alignment. This has been explained on the basis of a reduction
of the total transverse energy of the planar channelled beam as it crosses the
fault plane. It is also predicted that a minimum lattice translation of 0.1A˚ can
be measured using transmission channelling under current experimental condi-
tions.
3. Lattice disorders produce transverse heating or cooling in planar channelled
beam. These phenomena of of transverse cooling and heating can be potentially





It has always been very important to determine nature and to measure quantity
of disorders in crystals. Ion channelling is a good technique to determine the
geometric structure of complicated lattice disorders, such as defects, present
near the surface or deep inside crystals. It is useful to visualize movement
of channelled ions along the planar and axial channels in crystals in order to
understand the general channelling behavior and their interaction with defects.
These movies are on CIBA web page [160].
9.2 Method and discussion
Qualitative and quantitative results on channelling studies are given in chapter
8. Here, a brief description of movies showing the protons travelling along (110)
planar and [110] axial channels in a cubic Si crystal is given. These simulations
were carried out using the channelling code FLUX [152,153] written by P.J.M.
Smulders and colleagues. They are an extension of those described in [133,161].
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9.2.1 Planar channelling movies
In planar channelling movies, 3 MeV protons are incident at (1) 0.00o and (2)
0.06o (almost one half of the critical angle). Phase-space maps were generated
using simulation code mentioned above at varying depth with an interval of
100A˚, except first 100A˚ interval, which is divided into smaller steps. Movies use
these maps to show protons travelling along planar channels. They show change
in phase and space coordinates of channelled protons during their trajectories
along (110) planes. An ion channelled in a crystal remains channelled as long as
its transverse energy does not exceed the critical limit, specific to each planar
or axial channel. When a proton enters a channel, it receives an amount of
transverse energy depending upon its phase and space coordinates.
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Figure 9.1: Selected maps from planar channelling movie for incident angle of
0.00o.
In the case of 0.00o incidence angle, protons oscillate with two symmetric
arms as clear from the corresponding movie. In this case, the contribution of
the incidence angle to the initial transverse energy is zero and it is due to their
distance from atomic planes at the entrance. As the incidence space coordinates
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of protons are uniformly distributed at the entrance of the planar channel, the
phase-space distribution oscillates with symmetric arms and changes in both
arms of the distribution are the same during the channelling trajectory. Fig.
9.1 shows the selected maps out of those used in the movie of planar aligned
case.
In 0.06o incidence angle case, the initial transverse energy of a proton has
two components. One is the spatial coordinate at the entrance of the channel,
which is different for each proton, and other is the incidence angle which is
same for all. The effect of the incidence angle breaks the symmetry of the
phase-space distribution arms and most protons approach near to planar walls
during oscillations due to their higher transverse energy. Fig. 9.2 shows the
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Figure 9.2: Selected maps from planar channelling movie for incident angle of
0.06o.
As is clear from these movies, there is significant difference in the coherence
of channelled protons in these two incidence angle cases. The difference in
intensity oscillations of transmitted protons passing through a schematic set of
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lattice translations (stacking fault) in the last chapter (Figs. 8.4 and 8.5) for
different incidence angles is the level of difference in asymmetry of phase-space
distribution arms. Peaks and (dips) in intensity are observed when more and
(less) dense arm reaches the defect.
9.2.2 Axial channelling movie
The axial channelling movie shows 3 MeV protons travelling into [110] axial
channels in cubic Si crystal. These protons enter the channel aligned with the
axis. During axial channelling, protons have two spatial degrees of freedom. So,
this movie includes 2 dimensional spatial maps of axially channelled protons
with depth intervals of 50 and 100A˚. It shows actual spatial distribution of
protons in the axial channel during their travel into the crystal. Fig. 9.3 shows
the selected maps from axial channelling movie. In this figure, Si atoms are
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Figure 9.3: Selected maps from axial channelling movie.
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The atomic rows bounding the axial channel produce a repulsive field, which
dechannel a fraction of protons and focus remaining around the channel axis.
The radius of the white circles (with atomic rows passing through their centers)
in the movie is due to their integrated repulsive effect. Protons on channel
axis have minimum potential energy, so protons travel along helical trajectories
around channel axis with reducing orbit radius. The dechannelled fraction and
focussing around the channel axis increase with depth. The focussing rate
is initially high and decreases to a very small value at large depths, as clear
from the movie. Axial channelling experiments were carried out on GaN for
defect measurements and results are presented in previous chapters, especially
Chapters 5 and 7.
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